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CHAPTER I
INTRODUCTION

Most studies of atrial activation have used pacing techniques to map the spread of excitation (45, 191).
However, under normal physiological conditions the pacemaker site is determined by the locus within the heart
that has the highest rate of diastolic depolarization.
This site is most frequently the sinus node.

The sinus

node in the dog is approximately 15 mm in length and 5 mm
at its widest point (101).
and somewhat irregular.

Its shape (in dog) is oblong

While it is convenient to state

that pacemaker locus normally resides in the sinus node,
the total mass of nodal tissue does not function as pacemaker.

The early studies of Lewis and Eyster and Meek

demonstrated that the pacemaker site within the SA node
is labile and can be shifted by a number of procedures
(39, 123, 129).

Shift~

in pacemaker within the node can

conceivably determine which area adjacent to the node is
first activated.

This, in turn, can influence the pattern
1
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of atrial excitation.
However, other sites within the atrium can function
as pacemaker.

James has recently described tracts of spe-

cialized tissue which pass from the sinus to the AV node
(102, 103).

Interest in these pathways has been height-

ened by the observations that cells within these pathways
have physiological properties which differ from those of
the surrounding atrial musculature and that the spread of
atrial activation preferentially follows these tracts
(19, 139).

Geesbreght, recording unipolar electrograms

from the sinus node and internodal pathways, showed that
stimulation of the stellate ganglia shifted the pacemaker
to sites in the vicinity of these pathways producing alterations in the pattern of atrial excitation (56).

The

present series of experiments were performed to study the
effect of stimulation of the thoracic cardiac nerves on
pacemaker localization within the sinus node and at nonnodal supraventricular sites.

Corresponding changes in

activation sequence of electrodes sutured over the internodal pathways were examined.

In addition, the dromo-

tropic effect of right and left stellate ganglion stimulation on conduction along segments of the middle and
posterior internodal pathways and through the AV node
was investigated.

CHAPTER II
LITERATURE REVIEW

A.

Myogenic and Neurogenic Theory of the Heart Beat
Th~

origin of the heart beat has been of interest

to man for centuries.

According to Hoff, Hippocrates

considered the heart beat to originate from a vessel
flame within the heart (80).

Willis in 1664 believed

the heart, like other muscle, was dependent on nerves
for its excitation and rhythm (224).

Harvey, a few

years earlier, noted that sections of heart from cold
blooded animals would beat independently of each other
(77).

While Harvey did not comment on the origin of

this rhythm, Haller, in 1759, suggested that the origin
of this rhythm was inherent within the heart tissue itself (70).

However, he was ambivalent about this con-

clusion, since he was well aware of the influence of
the emotions on the rhythm of the heart.

Thus, while

he argued for the myogenic theory of origin for the
rhythm of the heart, he could not reconcile the obvious
3
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influence of the nervous system (71).

Others serially

removed sections of the nervous system to determine their
influence on the rhythm of the heart (48, 119).

However,

these results were contradictory with some animals living
after the destruction of the spinal cord and others dying.
The neurogenic theory was supported by the obvious inf luence of the nervous system on the heart.

The evidence

for the myogenic theory came from the isolated, sectioned
heart whose sections continued to beat at different rates
in the absence of extrinsic innervation.
During the first part of the nineteenth century,
nerves and ganglia were observed within heart tissue.
Scarpa in 1794, Bichat in 1822, and Remak in 1838 described ganglion cells and nerve fibers within the heart
(10, 113, 176).

With this evidence, proponents of the

neurogenic theory could explain the rhythm observed in
the isolated, sectioned heart.

Thus, these ganglion

cells and their associated nerves were thought to be responsible for the origin of the rhythm of the heart and
the spread of contraction.

The neurogenic theory was

summarized by Volkmann (as cited by Hoff) in the following quotation:
The central organ of the heart-beat I assume
to be the ganglion found by Remak ••.. The ganglia as well as their intercommunicating nervef ibers constitute a unified system ••. which binds

5

together the contraction of countless muscle bundles into a purposeful unity and sequence •...
If then. the corrununicating fibers are cut, each
ganglion operates by virtue of its own inherent
energy (211).
The neurogenic theory began to be seriously challenged by Gaskell and Engelman in the 1880's (34, 35,
52, 53, 54, 55).

In 1845, Purkinje described fibers in

the ventricles of ungulates which appeared to be histologically distinct from the surrounding myocardial tissue (159).

This description was the first evidence of

specialized tissue within the heart and represented the
beginning of discoveries of anatomically specialized cardiac tissue which spanned the next thirty years.

The

structural existence of specialized cardiac tissue, and
the mounting physiological evidence for its function
shifted support in favor of the myogenic theory.

The

major problem confronting the supporters of the myogenic
theory was the presence of nerves and ganglia within the
heart.

In order to prove the myogenic theory of origin

and conduction it was necessary to show that the heart
will beat and conduct in the absence of nerves or ganglion cells.

Indirect methods were used in which the

heart would be expected to respond in one way if its
rhythm were neurogenic but not if it were myogenic.
Gaskell in his experiments concluded that the

6
tortoise heart was myogenic but the frog's was neurogenic
(52, 53, 54).

In his introduction to the Croonian Lec-

tures in which he described the rhythm of the frog's
heart, he stated that according to the neurogenic theory
the rhythm of the heart can be controlled by two methods
(53).

The first was that the rhythmical impulses of the

nerves are directly imparted to the heart.

The second

mechanism entailed changes in excitability of the heart
tissue in the face of a rather constant background of
nerve impulses.

Thus, changes in the excitability of

the heart tissue determines the rate of summation of the
background nerve traffic to threshold.

Warming the ven-

tricles should produce an increase in the rate of ventricular contractions if the rate is dependent upon the
excitability of the heart muscle itself.

No such in-

crease in rate occurred because the ganglion cells responsible for determining the rate were distant from the
region of heating and were therefore unaffected by the
process.

However, heating of the sinus and auricles

resulted in an increase in heart rate.

Therefore he

concluded that the frog's heart is neurogenic, and its
rhythm is controlled by motor ganglia in the auricles
and ventricle.

However, he did not conclude that the

impulse is conducted through the heart by nerves, but

.....
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that the rhythm is initiated at motor ganglia.

In fur-

ther investigations using the tortoise heart as a model,
Gaskell concluded that this heart was myogenic since he
could not find histological evidence of nerve fibers or
ganglion cells to explain his observations (52, 54, 55).
However, proponents of the neurogenic theory of rhythm
and conduction argued that nerve elements could still be
present.
At approximately the same time, Engelmann in
Germany was accumulating evidence which favored the myogenic theory of rhythm and conduction (34, 35).

He ob-

served in the intact embryonic heart pulsations before
the appearance of nerve elements.

He concluded therefore

that the origin and conduction of the heart beat was myogenic.

The chronic heart block experiments of Erlanger

provided further evidence supporting the myogenic theory
(36).

He reasoned that if conduction between the atria

and ventricle were neurogenic, the chronic heart block
produced by crushing the AV bundle should be reversible
and some nerve fibers would regenerate.

However, if

conduction were via muscle fibers, destruction would
not be followed by regeneration and the block would be
permanent.

The results of their experiments supported

the myogenic nature of atrioventricular conduction.

8

Conclusive evidence for the myogenic origin of the
heart beat came from studies on the embryonic heart.

The

observations of Engelmann on the embryonic heart of the
frog have already been mentioned.

However, the embryo

was in its later stages of development and the absence
of nerves was questioned.

In 1912, Burrows first demon-

strated contractions in isolated cardiac muscle cells of
the chick embryo (16).

Since these cells, incubated in

tissue culture, were physically isolated from neighboring
cells, there was no question that the rhythm of the heart
originated from cardiac cells themselves and not from
nerve elements.

The onset of contraction prior to the

development of nerve elements was also noted in the mammalian heart (66, 68, 69, 213).
B.

The Origin of the Heart Beat
Prior to the development of the string galvanom-

eter, the origin of the heart beat was studied by applying heat or cold to different regions of the heart and
looking at the sequence of recorded mechanical events.
According to Gaskell, all areas of the heart possess
rhythmicity, but their inherent rates differ (52, 55).
When the mechanical activity of the tortoise or frog's
heart was recorded, a specific sequence of contraction
was observed.

Contraction originated in the region of

9

the sinus venosus, spread to the auricles, and then to the
ventricle.

Application of heat to only the sinus region

of the frog or tortoise heart produced an increase in
heart rate (53, 55).

Gaskell reasoned, therefore, that

the sinus venosus region of cold blooded hearts was the
site of origin of the heart beat.

Others considered the

site of origin to be the right vein in the giant tortoise
since this region contracted before that of the sinus
venosus

(51).

However, onset of mechanical activity for

timing closely associated events was very limited in usefulness.

It was adequate for cold blooded hearts, but

was too imprecise for mammalian heart whose inherent
rates were much faster.
A number of investigators applied heat or cold
to change heart rate in an attempt to localize the pacemaker in the mammalian heart.

Macwilliams found that ap-

plication of heat to the regions of the vena cava and
right auricle but not the ventricle produced an increase
in heart rate (132).

Adam, according to Eyster and Meek,

was able to increase the heart rate of cat and rabbit
hearts by locally heating the intercaval region which included the region from the superior to the inferior vena
cava.

In these experiments he found that the area of

greatest sensitivity was near the inferior vena cava (1).
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However, Ganter and Zahn found that the region of the
auricle corresponding to the thickest region of the sinus
node was the most sensitive to heat and produced the
greatest increase in heart rate (50).

Brandenburg and

Hoffman used cold as a means of localizing the pacemaker
region of the mammalian heart (12), and observed a decrease in heart rate when cold was applied to the region
of the sinus node.

However, Erlanger felt that their

conclusion was not warranted since alterations in rate
could be attributed to local injury of adjacent regions
reducing the rhythmicity of these regions and therefore
leading to the erroneous conclusion that the localized
area is the pacemaker of the heart (37).
Another early method employed for determining the
site of origin of the heart beat developed from the concept of "ultimum moriens."

The concept of "ultimum

moriens" developed from reasoning that the area of the
heart responsible for initiating the rhythm would be the
last to show mechanical activity in death.

Thus, Harvey

observed that the venous and auricular regions were the
last to show contractions in the dying heurt (78).
Macwilliams found this region to be the junction of the
superior vena cava and right auricle (132).

Fredericq,

and Erlanger and Blackman localized it in the area between

11
the great veins

(38, 49).

However, Hirschfelder and

Eyster rarely detected contractions in the region of the
great veins

(182).

When they were observed, the contrac-

tions were dissociated from those occurring in the auricles.

Koch, according to Eyster and Meek, noted that the

last region showing contractility in dying fetuses was
the area around the coronary sinus (113).

In 1913, Eyster

and Meek studied the hearts of dying dogs, cats, and rabbits and compared the regions having the longest duration
of contractility with the site of initial negativity (40).
They were unable to associate the region of initial negativity with the last region showing evidence of contractility.

They observed the site of initial negativity to

be variable in the dying heart, shifting from the sinus
node to regions of the sulcus terminalis and to the body
of the auricles while contractility was absent from regions having the site of initial negativity.

Thus, they

were able to separate the properties of conduction and contractili ty.
Destruction of different regions of the right auricle has also been used to define the pacemaker region of
the mammalian heart, but results have been contradictory.
Jaeger in 1910 and Flack in 1911 found no change in heart
rate when the region of the sinus node was destroyed (46,
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98).

Lohman, according to Erlanger, noted a decrease in

heart rate when formaldehyde was applied to the region of
the sinus node (130).

Cohn and Kessel, who used perfused

dog hearts, made a series of incisions around the sinus
node.

When the region of the sinus node was isolated by

four rectangular cuts, the heart rate was permanently
reduced in 80 to 90 percent of their experiments (23).
However, when Moorhouse repeated these experiments with
a modification in the protocol (using two strips of
atrial muscle; one containing the sinus node and the
other the sulcus terminalis below the sinus node) he
found no difference in the rates of the two strips (150).
Erlanger, in commenting on the inconsistency of the results of this type of experiment, considered the pacemaker in the mammalian heart to be localized in a larger
area than that of the sinus node (37).

Since the pace-

maker in cold blooded animals resided in the sinus venosus, he felt that any part of the homologous structure in the mammalian heart could function as pacemaker
with all parts of the sinus region having equal pacemaker
potential.

Following the embryological studies of His,

the homologous sinus region in the mammalian heart was
termed the sinus reuniens of His which included regions
which were later called the sinus node, the sulcus
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terminalis, the base of the right atrium, and the coronary
sinus region.
Electrical activity associated with the beating
heart was first recorded by Burdon-Sanderson and Page in
1879 using a capillary electrometer (14, 15).

The string

galvanometer was developed at the turn of the century and
enabled Wybauw, Lewis, and Eyster and Meek to accurately
localize the pacemaker of the mammalian heart and map the
spread of activation.
In 1910, Lewis and Wybauw independently localized
the pacemaker of the heart in the sinus node using the
technique of recording the site of primary negativity
(123, 129, 227).

By analyzing the morphology of the

electrogram and determining which of the two electrodes
became negative with respect to the other, the initial
site of negativity within the mammalian heart was determined.

This site corresponded to the sinus node of

Keith and Flack (111).

Another method employed by Lewis

to verify the site of primary negativity was the analysis of P wave morphology with pacing from different sites
on the auricles

(123).

Lewis reasoned that the morphology

of the P wave was determined by the pattern of auricular
activation.

If the heart was paced from its normal pace-

maker site, the morphology of the P wave should be

p
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identical to that observed in the spontaneously beating
heart.

Activation from an ectopic focus would produce a

p wave of abnormal morphology.

Using this method, Lewis

found that pacing from the junction of the superior vena
cava and right auricle produced a P wave whose morphology
was indistinguishable from that of a spontaneously beating heart.

Determining the site of initial negativity,

Eyster and Meek confirmed that the sinus node was normally the pacemaker of the heart (39).

More will be

said about the experiments of Eyster and Meek under the
discussion of the spread of activation through the atrium

c.

Functional Anatomy of the Sinus Node
Keith and Flack's histological investigation of

the junction of the superior vena cava and right atrium
was prompted by the work of Tawara on the proximal His
bundle (111, 194).

Since both regions are embryologi-

cally homologous to the sinus venosus of cold blooded
hearts and because evidence indicated that activation
and contractility originated at the junction of the superior vena cava and right atrium, Keith and Flack concentrated their efforts on this region for a structure
that was comparable to the node of Tawara (AV node) .
They described a mass which contained much connective
tissue, stained palely and contained large nuclei.

While
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they observed what appeared to be distinct connections
between this tissue mass

(sinus node) and the right atri-

um, these were never discussed in detail.

It is of in-

terest to note that in the previous year Wenckebach described the same structure but because of the abundance
of connective tissue considered it to be a supportive
structure (220).

The existence of the sinus node has

been verified by many studies (see references listed in
13).

However, its existence has been questioned by some

who considered its histological characteristics to be
too similar to other atrial muscle to warrant its classification as a specialized structure (62).
With the development of the electron microscope
detailed descriptions of the cellular nature of atrial
structures became possible.

Many investigators have

used the electron microscope to describe the cells comprising the sinus node (20, 99, 101, 106, 107, 110, 202).
James described three types of cells within the sinus
node (106, 107).

These include pale cells, transitional

cells, and working myocardial cells.

The pale cells,

which are round or ovoid with few myofibrils and mitochondria, are centrally located within the node.

They

make contact with other pale cells or transitional cells
but not with working myocardial cells through relatively

16

non-specialized junctions which appear as nexi.

The tran-

sitional cells are larger, contain more myofibrils and mitochondria which are oriented with the long axis of the
cells, and in appearance have characteristics between the
pale cell and the numerous working myocardial cells.

The

junctions between the transitional cell and working myocardial cell are through desmosomes and intercalated
discs.

However, the junction between working myocardial

cells is predominantly through intercalated discs.

The

characteristics of these specialized junctions have been
used to explain the conduction properties in different
areas of the heart (20).

The less differentiated junc-

tions may inhibit the conduction from one cell to another
while the low resistance across the intercalated disc
may facilitate the spread of excitation.
Of the three types of cells within the sinus node,
the pale cell has been postulated as the cell responsible
for pacemaker functions within the node (107, 202).

The

pale cell appears to be the characteristic cell based on
its relative numbers versus that of the other cell types
within the sinus node of many species (20, 107, 110, 139,
202).

Trautwein and Uchizono presented the most direct

evidence of the pacemaker function of the pale cell in
the rabbit when they recorded characteristic pacemaker
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potentials from this cell (203).

Thus, the pale cell is

considered to be the cellular structure within the sinus
node that is responsible for initiation of cardiac activation.

At present it is not known whether a single cell

can initiate excitation or whether a cluster of pale cells
is necessary.
Electrophysiological studies utilizing microelectrodes have demonstrated two types of pacemaker cells.
Action potentials from true pacemaker cells have a smooth
transition from phase 4 (diastolic depolarization) to
phase 0 (upstroke of the action potential).

The second

type, the latent pacemaker, exhibits diastolic depolarization in phase 4 but the transition is more abrupt (87).
If the study of Trautwein and Uchizono is accepted, then
all pale cells are capable of diastolic depolarization
depending on the innervation, circulating catecholamines,
and the intrinsic pacemaker potential of the cell.

The

interaction of these factors determines the pacemaker
site within the node.
D.

Innervation of the Sinus Node
Keith and Flack in their original description of

the sinus node observed many nerve fibers and ganglion
cells particularly in the connective tissue of the nodal
region (111).

The presence of nerve elements within the
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node has been reported for many species

(136, 151, 229).

Most of the studies using the light microscope confirmed
the presence of nerve fibers but the existence of terminal fibers within the node was open to question until
investigation with the electron microscope revealed their
presence.

However, neuroeffector junctions similar to

the myoneural junction in skeletal muscle were not observed by most investigators (79, 110, 202, 203).

For

example, Kawamura, in the dog, found that the distance
between the terminal nerve fibers and nodal cells appeared to be 1000 ~ or greater (110).

Recently, Yamauchi

and Burnstock observed a separation of less than 200

R

between the periterminal varicosities and muscle cells
in montages prepared from serial sections of the sinoatrial ring muscle of the trout heart (230).

In part,

the difficulty in demonstrating a neuroeffector junction
within the sinus node is related to the tortuous distribution of the terminal axons and their periterminal varicosities and the two-dimensional montages prepared from
the serial electron micrographs.

Thaemert has been able

to demonstrate neuroeffector junctions in which the terminal vesiculated nerve process makes intimate contact
(less than 200

R separation) with AV nodal cells using
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three-dimensional montages of serial electron micrographs
from the inferior portion of the mouse AV node (196, 197).
Until Thaemert's technique is applied to the SA node the
question of sympathetic-like neuroeffector junctions within the sinus node will not be resolved.
Both sympathetic and parasympathetic innervations
have been demonstrated for the SA node.

Lewis as well as

Rothberger and Winterburg, concluded that the right sympathetic and parasympathetic nerves innervate the sinus
node since the greatest positive and negative chronotropic responses of the atria are achieved with their
stimulation (124, 169).

Flack, in 1910, also concluded

that sympathetic and parasympathetic nerves on the right
had a pronounced influence on the SA node (44).

From his

studies on the effect of cold, atropine, muscarine, and
its response to nerve stimulation, Flack considered the
dominant pacemaker function of the sinus node to be in
part due to its extrinsic innervation (45).
Histological evidence for sympathetic and parasympathetic innervation of the sinus node is based on histochemical techniques of staining for acetylcholinesterase and
fluorescence techniques for detecting norepinephrine and
epinephrine.

Also, the classification of vesicles in the

terminal axons as to granular (representing adrenergic
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nerve fibers) and agranular (indicative of cholinergic innervation) has been used.

The histochemical evidence has

been discussed in detail by Yamauchi (229).
E.

Anatomical Relation of Sinus Node to Atrial
Musculature
Keith and Flack observed tracts of cells which

apparently formed distinct pathways between the node
and the surrounding atrial musculature (111).

These

strands of cells were localized at the medial border
and caudal pole of the node and extended into the atrial
musculature.

These strands of specialized tissue have

also been noted by others and are analagous to the origins of the internodal pathways described by James
102).

(100,

However, not all investigators accept the exis-

tence of specialized tracts of tissues connecting the SA
node to the atrium (25, 120).

While the existence of

strands of fibers leaving the SA node is widely accepted,
the continuation of these tracts through the atrium to
the AV node has been questioned.

Part of the contro-

versy is the definition of what represents specialized
tissue and what is atrial musculature.

The central por-

tion of the sinus node is composed predominantly of pale
cells.

Peripheral to the central region are transitional

cells which have characteristics of both pale cells and

\
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working myocardial cells (but still maintaining some of
the transitional characteristics) as they get further from
the node.

Therefore, the problem of classification arises

as to designating these fiber tracts as atrial musculature or specialized tracts.

This problem will be dis-

cussed in more detail in the section on specialized atrial pathways.
F.

Atrial Anatomy and Atrial Activation
This section will discuss the anatomical and phy-

siological evidence for and against the existence of
specialized conductile tissue within the atria.
Keith and Flack observed projections of SA nodal
tissue extending medially from the rostral region of the
sinus node and from its caudal region into the sulcus
terminalis of dog and man (111).

In 1907, Wenckebach

described a tract of muscle tissue extending from the
superior vena cava along the crista terminalis, across
the interatrial septum in the region of the fossa ovalis
into the region of the AV node (221) •

Thorel in 1909

described another pathway that he observed in a heart
of a patient who had died of pneumonia which extended
from the sinus node along the crista terminalis around
the coronary sinus to the AV node (199).

Thorel stated

that this tract contained bands of Purkinje-like fibers.
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Many investigators subsequently were unable to verify the
existence of the tracts of Wenckebach and Thorel (42).
A third specialized pathway was functionally demonstrated
by Bachmann in 1916 (8).

He observed a bundle which

passed from the right to left atrium along the superior
border of the interatrial septum.

When this bundle was

clamped, significant delay (30 to 40 msec) in the activation of the left atrium was observed.

While he did not

observe any special histological characteristics of His
bundle, it appeared as a distinct band of atrial musculature.
At this period, the controversy over the concept
of atrial excitation was developing.

Lewis was the pro-

ponent of the concept of radial spread of excitation from
the sinus node (125).
The excitation wave in the auricle may be
likened to the spread of a fluid poured upon a
flat surface, its edge advances as an ever widening circle, until the whole surface is covered;
such variation as exists in the rate of travel
along various lines in the auricle is fully accounted for by the simple anatomical orientation
of the tissue.
Thus, while he recognized that the velocity of conduction varies at different regions of the atria, these
differences did not necessitate the existence of spccialized tracts.

Eyster and Meek, however, believed

that atrial excitation occurred through specialized
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pathways (42).

The experiments of Bachmann offered strong

supportive evidence for this concept (8).

Eyster and Meek

observed in 1913 that the region of the AV node was excited before an electrode placed on the right atrium
(they did not show its location)

(39).

They concluded

that specialized pathways were involved in the excitation
of the atrium.

The early activation of the AV nodal re-

gion was explained through the spread of activation along
the tract of Thorel, even though they acknowledged that
other investigators were unable to confirm Thorel's observations.

To confirm the existence of specialized

tracts, Eyster and Meek conducted experiments in which
they attempted to isolate the SA node and thereby delay
or block atrial excitation (41).
used:

Four transections were

one across the superior vena cava and right atrium

just cranial to the sinus node; a second along the atrial
side of the node separating it from the lateral right
atrium; a third across the sulcus terminalis caudal to
the sinus node; and a fourth along the dorsal side of the
sulcus extending from the superior vena cava and cranial
border of the sinus node to 5-10 mm caudal to the SA node.
With these four transections the node was isolated except
at its corners.

Isolation of the node invariably produced

either a coronary sinus or AV nodal rhythm.

Transection
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across the sulcus terminalis frequently delayed both activation of the electrode placed at the region of the AV
node as well as initiation of ventricular contraction,
while transection along the sinus node separating it from
the lateral surf ace of the right atrial appendage only
prolonged activation of the electrode on the right atrial
appendage.

Transection between the sinus node and venous

region of the sulcus also produced delays in activation
of the AV nodal region and ventricle.

Transection at the

cranial border of the node produced transient AV nodal
rhythm.

Interpretations of these results by Eyster and

Meek were challenged by Lewis who could not confirm their
observation that an electrode over the AV node was excited before one on the right atrial surface (128).

Lewis

criticized Eyster and Meek's timing measurements because
of the difficulty in separating the intrinsic from the
extrinsic deflection.

Also, Eyster and Meek used the

term diffuse in describing the internodal conductile
pathways.

Even though they demonstrated delays in ac-

tivation and shifts in pacemaker, they were unable to
delineate specific pathways.

While shifts in pacemaker

to the AV node were observed with single transections,
multiple transections were required to consistently shift
the pacemaker and alter atrial activation.

The diffuse
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nature of the pathways that they postulated tended to
weaken their argument for specific pathways which were
responsible for atrial activation.

The arguments of

Lewis that differences in conduction velocity observed
for different areas of the atria could be attributed to
fiber orientation became more acceptable.

Thus, the

lack of confirmed anatomical evidence of specialized
internodal pathways tended to negate Eyster and Meek's
conclusion.
The controversy over the existence of specialized
conductile pathways within the atria continues to the
present.

The existence of specialized atrial fibers has

been supported by many (29, 59, 165, 166, 193, 201).
Morphological studies which do not confirm the presence
of specialized conductile tissue within the atria include those of Truex, Lev, and others (60, 63, 120, 207,
208).

The opposing arguments concern the variation in

morphological characteristics that must be present to
classify cell types.

The supporters of specialized cells

within the atria which may be important in conduction
classify them as Purkinje-like in appearance.

James, who

recently has provided strong histological evidence for
the existence of internodal conductile pathways, described the cells as larger than the normal atrial muscle
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cell, with few myofibrils, and centrally localized nuclei
with a perinuclear clear zone (102, 103).

James' descrip-

tion of these Purkinje-like cells have been confirmed by
Emberson and Challice (33).

The Purkinje-like cells are

interspersed among normal atrial muscle cells in suf f icient number to warrant their designation as a specialized tract.

Truex, whose histological examination and

comments are characteristic of those who do not support
the existence of Purkinje-like fibers within the atria,
stated that (205):
These 'Purkinje-like' fibers were of larger
diameter; had a smaller number of myofibrils;
often multiple and more darkly stained nuclei;
and less marked cross striations ..•. We have
observed such large atrial fibers in the heart
of the sheep, dog, and man on numerous occasions. We are convinced from a study of our
serial sections to date that these large atrial
elements represent variations of individual
atrial muscle fibers that occur as they course
through the myocardium.
James has recently described three pathways interconnecting the sinus node to the AV node in man and dog
(102, 103).

These are the anterior (AIN), middle (MIN),

and posterior (PIN) internodal pathways.

In the dog,

the anterior internodal pathway leaves the rostral region of the sinus node forming a bundle along the superior border of the interatrial septum (Bachmann's Bundle)
and fans out over the left atrium.

A branch also passes
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obliquely along the interatrial septum from Bachmann's
Bundle and enters the AV node anteriorly and medially.
The MIN leaves the sinus node (caudally), passes along
the crista terminalis to the level of the limbus of the
fossa ovalis, crosses the limbus and anteriorly enters
the AV node lateral to the AIN.

Some fibers of the MIN

merge with those of the AIN at the level of the AV node.
The PIN also leaves the caudal pole of the sinus node and
courses down the crista with the MIN.

However, the PIN

continues down the crista to the Eustachian ridge where
it passes between the coronary sinus and AV ring to enter
the AV node laterally.

The fibers of the PIN do not in-

terconnect at the AV node with the other internodal pathways.

These pathways have histologically been confirmed

by Merideth and Titus in man (39), and by Emerson and
Challice in dog, rabbit, monkey, and rat (33).

The re-

lationship of these fibers to the AV node will be discussed in more detail in the section on the anatomy and
physiology of the AV node.
James' morphological description of specialized
internodal conduction pathways has been augmented by
functional evidence demonstrating that cells of these
pathways possess physiological characteristics distinct
from the surrounding atrial musculature.

Cells that are
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associated with specialized atrial pathways are more resistant to the effect of hyperkalemia (30).

Hyperkalemia

which arrested activity in most atrial cells did not prevent atrial conduction through specialized atrial pathways
producing ventricular activation (210, 211).

While re-

cording over Bachmann's Bundle (a segment of the anterior
internodal pathway of James) of the dog, Wagner et al. observed two components in the electrogram, one associated
with the activation of Bachmann's Bundle and the other
from the adjacent atrial muscle fibers

(214).

Hyperka-

lemia abolished the atrial muscle component but not that
originating from activation of Bachmann's Bundle.
The morphology of transmernbrane potentials recorded from cells of the specialized atrial conductile
pathways differ from those of other atrial muscle cells.
It has been reported that transmernbrane potentials recorded from Bachmann's Bundle and crista terminalis of
the dog and from the sino-atrial ring bundle of the rabbit possess a plateau similar to, but not as pronounced
as, that recorded from Purkinje fibers

(18, 19, 94, 214).

Others have recorded pacemaker potentials from cells of
the specialized conductile tissue within the atria (19,
92, 170).

However, these transmembrane potentials were

recorded from cells of the crista terminalis close to the
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sinus node and in the region of the crista adjacent to
the coronary sinus and AV node.

Therefore, the question

arises as to whether the potentials were SA nodal or AV
nodal in origin since the transition from the SA and AV
nodes to the internodal pathways is not distinct.
Differences in conduction velocity between atrial
muscle and the specialized conductile pathways has also
been used as evidence supporting the existence of such
pathways.

Generally, the velocity of conduction along

segments of the internodal pathways is faster than that
observed in neighboring atrial tissue.

Wagner et al.

reported that conduction velocity of Bachmann's Bundle
was 1.8 M/sec (214).

They noted that areas near the

stimulating electrodes and adjacent to the interatrial
band were activated later than the most distal portion
of Bachmann's Bundle.

They interpreted their results

to indicate that the left atrium is not excited by way
of simple radial spread of the excitation wave but
through a specialized conductile system.

Horibe and

Yamada, both studying propagation along the crista terminalis of dogs and rabbits, noted a higher conduction
velocity along this structure than through other atrial
musculature (95, 228).

Sano and his associates mapped

the spread of excitation along the crista terminalis using
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isochronous lines and observed a more rapid activation
along the crista than through adjacent tissue (170, 175).
A significant mass of evidence in support of the
internodal pathways has come from the recent detailed
mapping studies of atrial activation.

Spach and his

co-workers have demonstrated that atrial activation initially spreads along the areas which correspond anatomically to the internodal pathways of James and then
spreads out to activate adjacent tissue (190, 191).

Even

though their very detailed mapping studies support the
concept of preferential pathways of atrial excitation,
they limit their interpretation to the concept of nonradial activation of the atrium.

These workers believe

that hypothetical preferential pathways must function
like the His bundle in that there must be a very defined
pathway that is electrically insulated from surrounding
musculature.

Similar observations on the pattern of

atrial excitation have been noted by others.

Goodman

et al. attributed that pattern of activation observed to
muscle fiber orientation, since muscle fiber orientation
is parallel in these regions

(65).

However, the concept of specialized pathways has
been less rigidly defined.

These pathways have been de-

fined as preferential since they provide for consistent
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and orderly patterns of atrial activation.

The anato-

mists use the term specialized to indicate the presence
of Purkinje-like fibers within these pathways, while cardiac electrophysiologists use the term preferential to
describe wavefronts which consistently spread along these
pathways when excitation originates from the sinus or AV
nodes.
Recently, transection experiments similar to those
of Eyster and Meek have verified the existence of preferential pathways.

In 1968, Holsinger transected the inter-

nodal pathways of James and observed a lengthening of the
P-R interval when the anterior internodal pathway was cut
but not when the middle or posterior pathways were transected (93).

However, after the anterior pathway was cut,

transection of the posterior pathway produced a further
lengthening in P-R interval.

Transection of all three

internodal pathways produced an AV nodal rhythm in seven
of the ten dogs studied.

Waldo et al. created lesions

across the internodal pathways and noted the effects on
P-wave morphology and P-R interval (215).

Like Holsinger,

they noted that transection of the anterior internodal
pathway prolonged the P-R interval and lengthened P-wave
duration.

This prolongation was observed when the heart

was paced from the sinus node and from the lower region
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of the interatrial septum.

However, they did not note

any change in the P-R interval or P-wave morphology when
the posterior internodal tract was transected midway
along the sulcus.

From these experiments it was concluded

that the internodal pathways of James are important in
normal and abnormal excitation of the atria and in determining morphology of the P wave.

In addition, it has been

demonstrated that AV nodal conduction is determined in
part by the pattern of atrial activation (17, 108).
Thus, atrial activation can no longer be considered
to spread radially from the pacemaker locus.

The spread

of activation normally follows the anatomical route of
the internodal conduction pathways and their transection
produces significant changes in sequence of atrial activation and timing.

The question of speciality in route

of excitation is one of definition.

Those who choose not

to invoke the concept of specialized pathways argue that
the morphological and physiological characteristics of
these routes are not significantly different from other
atrial tissue.

They argue that the wavefront preferen-

tially spreads along these routes because the parallel
muscle fiber orientation in these regions favors more
rapid conduction (154, 198).

Nevertheless, cells of these
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pathways have morphological and physiological characteristics which distinguish them from other atrial muscle
cells.

Using such criteria, these pathways can be clas-

sified as specialized.

The wavefront of activation pre-

ferentially passes along the course traversed by these
pathways, and as will be discussed shortly, the muscle
fibers enter the AV node from specific directions to influence the activation pattern of the AV node.
G.

Anatomy and Physiology of the AV Node
The mammalian AV node was first described by Tawara

in 1906 (194).

The description of the structure as a node

is attributed to the microscopic appearance of its densely
packed cells (179).

While the Glomsets and Todd have

challenged the existence of the AV node, the majority of
evidence supports its functional presence (61, 63, 111,
120, 201).

Scherf has summarized the histological char-

acteristics of the AV node as studied under light microscopy (180).

The fibers of the AV node are smaller than

either atrial or ventricular muscle fibers and form dense
and tortuous networks within the node.

Like the cells of

the SA node, those of the AV node contain few myofibrils
and the nuclei are centrally located.

A distinction in

cellular morphology has been noted between the cells near
the atrial portion of the node and those nearest the
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ventricle.

The atrial region of the AV node appears to

contain cells that are smaller than those nearest the ventricle.

According to Kung's observations, the separation

within the node is very distinct and he therefore assumed
that the physiological function of these two regions must
differ (115).

While the cells of the AV node are quite

distinct, the transition from the atrium to the AV node
is gradual and indistinct.

However, the atrial fibers

in the vicinity of the AV node appear to be oriented in
a more parallel fashion.

The histological transition

from the atria into the AV node and from the node to the
His bundle is difficult to interpret from light microscopy.
The electron microscope has provided more detailed
information on the anatomical relationship of the AV node
to the atrium and His bundle.

James described the rela-

tionship between the AV node and the internodal conductile pathways (85, 100, 103, 104).

In his study of the

human AV node, he noted four types of cells:

1) pale

cells which were identical to those found in the sinus
node.

They appear round or ovoid with a simple organi-

zation containing few myofibrils and sarcosomes; 2) transitional cells whose morphological characteristics were
also similar to those found in the sinus node; 3) working
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myocardial cells which were characteristic of most of the
atria; 4) Purkinje-like cells which were slender, contained few myofibrils, and had a clear zone around the
nuclei.

The pale cells were found in clusters arranged

centrally within the node.

The frequency of occurrence

of these pale cells was less than that observed in the
sinus node.

The pale cells make contact with other pale

cells and with transitional cells but not with working
myocardial cells.

Specialized junctions between pale

cells were quite few with the most frequent contact between cells occurring through simple apposition of the
cell membranes.

Desmosomes appeared more frequently in

junctions between pale cells and transitional cells.
The transitional cell, which was the most numerous cell
type in the AV node, made contact with other transitional
cells and working myocardial cells through intercalated
discs.

The Purkinje-like cells were found mostly at the

atrionodal junction and made contact with transitional
cells.

The working myocardial cells were not found with-

in the AV node proper but were localized principally at
the margin of the node.
The Purkinje-like cells found at the atrionodal
margin of the node represent the projections of the internodal pathways into the AV node.

According to James,
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there are interconnections between fibers of the three
internodal pathways at the level of the AV node.

These

interconnections are more numerous between the anterior
and middle internodal pathways than with the posterior
pathway.

In the dog, both the anterior and middle path-

ways enter the AV node at its crest with the posterior
internodal pathway entering the node posteriorly as it
passes around the coronary sinus

(103).

The fibers of

the anterior and middle internodal pathways are oriented
parallel to each other but perpendicular to the longitudinal orientation of the transitional cells at the crest
of the node.

Fibers of the posterior pathway are oriented

parallel to the fibers of the node at its posterior surface

(186).
The delay in conduction through the region of the

AV node has been attributed to synaptic-like transmission (114).

However, this concept became unacceptable

when Scher recorded a series of potentials from the AV
node whose sequence was reversed with retrograde activation (178).

Scher concluded that conduction through the

AV node was electrical.

The slowest conduction occurred

at the atrionodal junction since this region has the
smallest margin of safety owing to the low rate of rise
of the action potential and low amplitude of the potentials
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at this site.

This low amplitude can be attributed to

the divergence of the AV nodal fibers in relation to the
small number of input fibers.
While Scher demonstrated that transmission through
the node was electrical in nature, the use of the microelectrode recording technique characterized the properties of AV nodal conduction in more detail.

Transmem-

brane potentials were first recorded from the AV node in
1958 by a number of investigators (89, 134, 174).

The

transmembrane potentials are characterized by a low resting membrane potential, low amplitude with little or no
overshoot, slow upstroke, and foot between phase 4 and
phase 0.

Slurring or notching in the upstroke may occur

and there is an increase in the duration of the transmembrane potential as the recording site is moved from
the atrial border into the middle region of the node.
However, the duration of the potential is shorter than
that observed in potentials from the His bundle (90).
The shorter duration of the transmembrane potential of
AV nodal fibers compared with those of the His bundle
tends to argue against Lewis' and others' concept that
AV delay results from prolonged refractoriness

(127, 158).

Hoffman, in his discussion of possible mechanisms
for delayed conduction through the AV node, presented
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four possible explanations:

1) the delay could occur

from long pathways through the node; 2) slow conduction;
3) delay in transmission across different fiber types in
the node; and 4) nodal tissue itself is electrically inexcitable and therefore, the low amplitude of the potentials recorded in the node occurs via electronic spread
(90).

While he argues that there is no need to postulate

a long or circuitous route, data have been presented which
supports the concept of dual or multiple pathways through
the node (73, 138, 146, 148, 167).

Present evidence in-

dicates that AV delay cannot be attributed to divergence
of fiber types since retrograde conduction is slower than
antegrade (19).

The argument that nodal tissue is elec-

trically inexcitable and therefore conduction is electrotonic is untenable since the amplitude of the transmerobrane potential recorded from nodal cells decreases
with increasing pacing frequency (2, 4, 19).

In consi-

deration of these factors, Hoffman, as well as others,
have concluded that AV delay occurs because conduction
through the AV node is decremental (84, 90).

Conduction

through the node is decremental in the sense that the
amplitude is low and rate of rise of the transmembrane
potential is slow producing a small margin of safety for
continued activation.

Thus, any reduction in amplitude
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reduces the current flux below the level needed to excite
adjacent cells.

When block occurs, cells distal to the

block are excitable and can be stimulated, but the current flux is too low to activate them.

The slow rate of

rise and low amplitude account for slow conduction through
the node, explain the decrement that occurs, and account
for the low margin of safety.
Electrophysiologically the AV node has been divided
into three zones by Paes de Carvalho.

These are the AN

region which corresponds to the atrionodal junction; the
~

region which is the main central region and is the re-

gion of slowest conduction (0.02-0.05 m/sec); and the NH
region which is the transition area between the AV node
and His bundle (19).

These regions are defined from the

characteristics of the intracellular recordings of the
rabbit.

The potential recorded from the AN region has an

overshoot and an amplitude almost equal to that of an
atrial cell.

The change from phase 4 to phase 0 is sharp.

Phase 1 and 2 are absent with phase 3 showing a gradual
repolarization.

Potentials recorded from the N region

have a foot or rounded transition from phase 4 to phase
O.

The upstroke is slow and the potential is very rounded

with little or no overshoot and of longer duration than
either an atrial muscle transmembrane potential or AN
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potential.

Transmembrane potentials observed from the NH

region have a less pronounced foot, faster upstroke, possess a distinct phase 2 and 3, and resemble a potential
recorded from the His bundle.

Because of the morphology

of the transmembrane potentials and studies of the changes
in rate of rise and morphology with antegrade and retrograde activation, he concluded that the decremental conduction occurs in the N region.

However, Hoffman inter-

preted his results to indicate that delay occurs at the
atrionodal junction.

While there is disagreement over

the exact region where decremental conduction occurs,
both conclude that conduction is decremental

(84, 90).

James has histologically delineated the anatomical relationship of the internodal pathways to the AV
node (103, 104).

Truex and Smythe have observed dis-

tinct fiber pathways through the AV node superiorly which
if preferentially activated could shorten AV delay (208).
Thus, the pattern and direction that the wavefront enters
the node may influence AV nodal conduction time.
Janse conducted experiments in rabbits in which he
stimulated the atria at different points and observed AV
nodal conduction (108).

Ile observed that when the heart

was paced from the crista terminalie, AV nodal conduction
was 1:1.

However, pacing from the interatrial septum led

r
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to asynchronous activation of the node with longitudinal
dissociation and 2:1 conduction.

Morphology of the AV

nodal transmembrane potentials was also altered; with a
slower rate of rise, smaller amplitude, and a hump occurring in the repolarization phase.

These morphological

characteristics were considered indicative of longitudinal dissociation and asynchronous activation.

Activa-

tion originating at the crista terminalie, which is a
segment in the specialized conduction system in the rabbit, produced more uniform activation of fibers in the
AN region of the rabbit node leading to a more organized
and synchronized activation of the node.

Activation

spreading to the node through stimulation of the interatrial septum produced colliding wavefronts within the
node blocking conduction.

Earlier, Hoffman observed that

some atrial extrasystoles greatly distorted nodal transmembrane potentials with notching occurring on the upstroke (84).

However, he did not attribute this slurring

to changes in pacemaker locus but rather to the temporal
relationship of the extrasystole to the spontaneous
rhythm.

More recently, Spach and his co-workers mapped

the sequence of activation of the atrial septum and AV
node of dogs, puppies, and rabbits

(191).

They noted

that changes in the pattern of atrial septal excitation
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reduced the amplitude of the wavefront as it approached
the AV node with conduction through the node becoming
prolonged.

While they attributed the prolongation in

AV nodal conduction to the amplitude of the incoming
wavefront, changes in the direction of the inputs into
the AV nodal region could affect the amplitude of the
potentials at the atrionodal junction.

They attributed

changes in amplitude of potentials recorded at the lower
interatrial septum, which were recorded with unipolar
electrodes, to the temporal dispersion in activation of
the tissue mass near the AV node.

Therefore, any reduc-

tion in amplitude would indicate that the tissue was not
uniformly activated.

Thus, there is experimental evi-

dence to indicate that AV nodal conduction is in part
determined by the sequence of atrial excitation and the
relationship of these wavefronts as they enter the AV
node.
H.

Innervation of the AV Node
In addition to the influence of the direction of

AV nodal excitation, the interaction of the sympathetic
and parasympathetic nervous system contributes significantly to the conduction through the node.

Tawara in

his original description of the AV node observed ganglion cells particularly in the region of the coronary
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sinus (194).

According to Nonidez, the nerve fibers seen

in the AV node are mostly nerve fibers from ganglion cells
of the subendocardial plexus.

From the parasympathetic's

greater affinity for silver stain, he concluded that the
parasympathetic innervation of the AV node was greater
than that seen in the sinus node (152).

Tcheng, in his

studies of the dog heart, observed sympathetic, parasympathetic, and sensory nerve fibers within the node.

He

also noted subendocardial ganglia in the regions of the
SA and AV nodes

(195).

In their anatomical description

of the dog's cardiac innervation, both Nonidez and
Tcheng used neonate puppy hearts since their small size
facilitated the task of describing the innervation in
detail.

However, recent evidence indicates that the de-

velopment of the sympathetic innervation of the canine
heart is not complete at birth (57).

Also, the level of

circulating catecholamine is higher in the puppy than in
the adult (57).

The use of the fluorescence technique

which selectively fluoresces for catecholamine has enabled
Dahlstrom and co-workers to selectively map the adrenergic
innervation of the canine heart (27).

They observed a

rich adrenergic innervation in the sinus and AV nodes.
The density of adrenergic innervation in the SA node gave
the impression that the majority of the cells appeared
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innervated.

The fluorescence technique as well as to-

luidine blue staining demonstrated ganglion cells in the
vicinity of the AV node.

The electron microscopic studies

of the mouse AV node by Thaemert have shown the anatomical relationship of the nerve fibers to the cells of the
node (196, 197).

He observed intimate contact between

vesiculated nerve processes and the sarcolemma of the
cells which occurred within grooves in the surface of
the nodal cells.

In these grooves there is a loss of

the basement membranes of both the nerve process and
nodal cell with 200-400 ~ clefts between them.

This dis-

tance corresponds to that observed at the myoneural junction.

This study of Thaemert is the first to demonstrate

that there is contact between vesiculated nerve processes
and myocardial cells similar to that observed between
nerve and skeletal muscle.
There is a mass of functional evidence demonstrating the influence of sympathetic and parasympathetic stimulation on pacemaker localization within the AV
node and on AV nodal conduction.

In 1913, Cohn and Lewis

demonstrated that the left vagus of the dog had a dominate effect on atrioventricular conduction (24).

Lewis

in the following year compared the effects of right and
left vagal stimulation on rhythm and conduction and
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noted that moderate stimulation of the right vagus produced bradycardia and standstill while left vagal stimulation produced AV block.

The direct vagal innervation

of the AV node was further confirmed in these experiments
by cooling of the sulcus terminalis which produced AV
rhythm.

However, simultaneous stimulation of the vagus

slowed the heart rate and shifted the pacemaker back to
the sinus node (124).

The cooling technique was also em-

ployed by Schlomowitz and associates to demonstrate vagal innervation of the sinus and AV nodes

(184).

Cooling

of the sinus node abolished the negative chronotropic effect of right and left vagal stimulation.

However, the

right vagus was affected more by the cooling procedure.
They concluded that the right vagus had a greater negative chronotropic effect by virtue of a greater fiber
distribution to the sinus node.

Like Lewis before, they

verified vagal innervation of the AV node since vagal
stimulation during cooling of the sinus node shifted the
pacemaker from the region of the AV node back to the region of the sinus node.

Fogelson, employing a strong

stimulus intensity in stimulating the vagi, could find a
difference in response to right and left vagal stimulation in only five of fifteen animals studied (47).

He

concluded that differences in response to right and left
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vagal stimulation were due to the submaximal stimulation
intensities employed.

Recently, Hamlin and Smith com-

pared the effects of left and right vagal stimulation on
heart rate and AV nodal conduction in dogs and concluded
that both right and left vagus are equally potent in prolonging AV nodal conduction time but that the left vagus
more frequently produced second degree heart block (72).
They reasoned that the occurrence of second degree heart
block seemed to be independent of the duration of P-Q
interval since the block was not always associated with
the longest P-Q interval.

Further evidence of vagal in-

nervation of the AV node is noted in the experiments of
West and Toda in which they directly stimulated cholinergic nerve fibers in the region of the AV node while recording transmembrane potentials from the AN, N, and NH
regions of the rabbit AV node (223).

The depressant ef-

fect of cholinergic nerve stimulation was potentiated
by physostigmine and blocked by atropine.
Sympathetic innervation of the AV node can be inferred from the positive dromotropic effect of sympathetic stimulation on AV nodal conduction.

Fogelson ob-

served that stimulation of the right accelerans nerve had
minimal effect on A-V interval, but stimulation of the
left accelerans nerve shortened the A-V interval by
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30-40 msec (47).

Recently, Irisawa et al., in comparing

the relative effects of right and left stellate ganglion
stimulation on the A-V interval, concluded that the left
stellate ganglion had a greater positive dromotropic effect than did the right (97).

Wallace and Sarnoff in

studying the effects of stimulation of the left stellate
ganglion observed that the A-H subinterval was shortened
by 50%
I.

(218).
Anatomy and Physiology of the His Bundle
Although both Kent and His in 1893 independently

described muscular connections between the atria and
ventricles of the mammalian heart, His has been given
credit for the description of the atrioventricular bundle (82, 112).

He observed a muscular bundle which con-

nected the atrial and ventricular septa in newborn man
and dogs, and in the adult man and mouse hearts.

His,

in 1933, a year before his death, published a review of
the development of evidence supporting a muscular connection between the atria and ventricles

(83).

His

stated that three men, in addition to himself, presented evidence prior to 1900 showing musculur connections between the atria and ventricles.
Gaskell, Palidino, and Kent.

These were

Gaskell demonstrated a

muscular connection between the auricles and ventricle
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in the frog and turtle hearts but not in mammals.
Palidino in 1876 at Naples observed muscle fibers continuing over the AV valves and connecting with ventricular fibers.

He believed that these muscle fibers were

responsible for closure of the AV valves.

He did not

consider them in the excitation of the heart.

Kent lo-

calized connecting pathways mostly at the lateral region
of the atrioventricular border in the newborn rat and in
the adult dog and rabbit hearts.

According to His, while

he described a portion of the atrioventricular bundle,
most of the muscular connections were more lateral.

How-

ever, the existence of these pathways have been questioned
since others were not able to confirm them.

Concerning

the muscular connections described by Kent, Lewis stated,
"The physiological evidence is strongly opposed to this
idea and such anatomical evidence as we at present possess
is insufficient to give the view any material support
(126) ."

It is important to note that Lewis' comment was

made before the description of the pre-excitation syndrome.

Thus, since both Palidino and Kent observed nu-

merous muscular connections between the atrial and ventricular chambers which were not subsequently verified
and did not realize the importance of the connection between the atrial and ventricular septum, His is credited
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for its description.
His' original description of the atrioventricular
bundle is limited to a short paragraph localizing the
muscular connection in the posterior upper ventricular
septum.

Once it enters the ventricular septum it proceeds

anteriorly and branches into a right and left limb (82).
Tawara, in 1906, confirmed His' observations on the atrioventricular bundle and earlier description of the bundle
branches and expanded these descriptions of this conduction system with his own impressions of the AV node (194).
The fine structure of the His bundle has recently
been defined by James and Sherf (105).

Studying the

hearts of both dog and man, they observed four cell types
within the His bundle.

These include Purkinje cells,

slender and broad transitional cells, and pale cells.
The Purkinje cells are the predominant cell type within
the bundle with the cells longitudinally oriented.

Since

within the same species there is variation in the relative distribution of the transitional and Purkinje cell
types, James defines the histologic boundary between the
AV node and the His bundle as that region where the cells
are longitudinally oriented with the Purkinje cell as the
dominant cell type.

While the general characteristics of

the transitional cell have been discussed with the fine

so
structure of the sinus and AV nodes, James makes a distinction between a broad and slender transitional cell
within the His bundle.

The broad transitional cell has

morphological characteristics similar to both the Purkinje
cell and working myocardial cell while the slender transitional cell does not have the breadth of the Purkinje
cell but has similarities to the working myocardial cell.
The pale cells, which are found predominantly at the
junction of the AV node and His bundle, have the same
characteristics as the pale cell found in both the sinus
and AV nodes; namely, round or oval in appearance with
few organelles and myofibrils.

These pale cells make

contact mostly with other pale cells and transitional
cells through simple apposition of their cell membranes.
An important histological characteristic of the
His bundle noted by James was the abundance of collagen
which longitudinally isolates cells into fascicles with
only a few transverse connections.

This collagen can con-

ceivably act as an insulating barrier to the spread of
excitation to adjacent fascicles facilitating conduction
through the bundle along these cable-like elements.

Con-

duction through the His bundle is also enhanced by the
abundance and oblique orientation of intcrccllular connections observed within the fascicles.

Draper and Mya-Tu
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and Sano and associates have measured conduction velocities in the His bundle and Purkinje system and noted that
the velocity is faster parallel to the long axis of the
system than perpendicular to it (31, 173).
In discussing the physiological significance of
this longitudinal conduction system within the His bundle, James suggested its possible role in re-entry phenomena.

While the majority of connections are between

Purkinje cells within the fascicles, connections between
the fascicles were observed.

These interf ascicular con-

nections could serve as pathways for re-entry if there
is longitudinal dissociation between fascicles.

The in-

fluence of AV nodal activation on AV nodal conduction
has already been discussed (108).
associates

per~ormed

Recently, Lazarra and

experiments on the distal His bun-

dle and proximal regions of the right and left bundle
branches in dog in which they stimulated fibers within
the bundles extracellularly and intracellularly while recording more distally.

Using arrival times for the con-

ducted impulse at different sites in the bundle branches,
they could not demonstrate any longitudinal dissociation
for this portion of the conduction system (118).

However,

Rothberger and Scherf were able to alter conduction through
the AV node, His bundle, and ventricle producing a change
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in the P wave and morphology of the QRS complex with lesions within the atria (168).
Since Kent's description of atrioventricular muscular connections which were lateral to the atrioventricular bundle observed by His, a number of reports have
been presented supporting the existence of accessory connections.

Mahaim has described a muscular connection

which passes from the AV node into the ventricular septum
of man which has been termed the paraspecif ic fibers of
Mahaim (133).

James has also noted connections between

the AV node and the ventricular septum which are independent of the His bundle (100).

The James bundle passes

from the right atrium lateral to the AV node bypassing
it and enters the His bundle.
These muscular interconnections have not been observed in all heart specimens.

Keith and Flack were not

able to confirm the existence of muscular connections
{other than the bundle of His) between the atria and ventricles in specimens of normal and malformed adult and
fetus human hearts, porpoise, kangaroo, whale, rat, kitten, and pony hearts

(111).

Lev and Lerner could not

find accessory atrioventricular connections in fetus and
newborn human hearts

(121).

They commented on the prox-

imity of atrial and ventricular muscle at the AV groove
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in fetus hearts and the paucity of connective tissue between the chambers.

While these morphological charac-

teristics could give the impression of muscular connections between atria and ventricles, Lev and Lerner always observed collagen tissue between atrial and ventricular muscle.

The lack of dense collagen between the heart

chambers was also noted by Keith and Flack in the adult
rat heart (111).

However, Truex, in 1958, histologically

examined the hearts of human fetuses and inf ants and
noted accessory muscular connections in 11 of 15 specimens

(206).
Interest in the existence of accessory atrioven-

tricular connections was stimulated by the discovery of
the Pre-excitation syndrome by Wolff, Parkinson, and
White in 1930 (224).

According to Durrer, there are

three general types of Pre-excitation syndromes

(32).

The first is the classic Wolff, Parkinson, and White
syndrome in which the P-R interval does not exceed 120
msec, a delta wave is present, and the duration of the
QRS is equal to or greater than 120 msec.

The second is

a variation of the classic Wolff, Parkinson, and White
syndrome with (a) the P-R interval less than or equal
to 120 msec, a delta wave, and the QRS duration is between 100 and 120 msec, or (b) with a P-R interval greater
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than 120 msec, with a delta wave, and a QRS duration of
greater than 120 msec.

The third general type is the

Lown-Ganong-Levine syndrome which is characterized by a
short P-R interval with a normal QRS complex.

The changes

in P-R interval and QRS morphology have been explained
through activation spreading from the atria to the ventricles via different tracts which bypass the AV node.
These enter the ventricle either at the His bundle or
directly into the ventricular myocardium away from the
specialized ventricular conduction system.

Durrer pro-

posed models based on the Kent bundle, James bundle, and
paraspecif ic fibers of Mahaim to explain the variations
in pre-excitation syndrome observed clinically (32).

Sano

and associates have histologically confirmed bypass tracts
in a few rabbit hearts and functionally evaluated that the
P-R interval and QRS configuration observed for each tract
before and with pacing after acetylcholine blockade of the
AV node (172).

They noted three bypass tracts with each

producing a distinct P-R interval and QRS complex.

The

first was a tract passing from the right atrium to the
bundle of His which produced a short P-R interval and normal QRS.

The second bypass tract extended from the lateral

wall of the right atrium into the right ventricular myocardium producing a short P-R interval with a prolonged
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QRS and right axis deviation.

The third was a bundle of

muscle in the interatrial septum which passed directly into the AV node anteriorly producing a prolonged P-R interval with a normal QRS configuration.

This third tract

was functionally established after transection at the AV
node of all the known internodal pathways with conduction
observed over this bundle.

The P-R interval associated

with activation over the first and second bypass tracts
was independent of pacing rate since both bypassed the
AV node.
~nterval

An initial increase and then decrease in P-R
was noted while increasing the pacing rate with

activation over the third bypass tract.

These changes

were interpreted to indicate that the majority of the AV
node was bypassed and the increase in P-R interval was
due to unmasking of conduction over fibers which completely bypassed the node.
However, there are mechanisms other than activation of bypass fibers to explain pre-excitation syndromes.
Surgical transection along the AV groove to remove these
bypass fibers has not always been successful in alleviating tachycardia.

Scherf and James have postulated

changes in the pattern of AV nodal excitation and regional blockade of AV nodal conduction as a mechanism for
ventricular pre-excitation (186).

These two conditions
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cause asymetrical activation of the AV node and produce
re-entry phenomena.
The electrophysiology of the His bundle will be
discussed in the methods section under the heading of
the His bundle and its verification.

CHAPTER III
METHODS

A.

General Methodology - Surgical Procedure and
Cardiopulmonary Bypass
All of the experiments were conducted upon dogs

under phencyclidine HCl (2.0 mg/kg) and alpha-chloralose anesthesia (80-100 mg/kg).

With the dogs venti-

lated by positive pressure with room air, a bilateral
thoracotomy was performed at the fourth interspace.
The animals were then maintained on total cardiopulmonary bypass for the remainder of the experiment
(2-4 hours).

The bypass technique involved cannula-

tion of both femoral veins for venous return from the
inferior vena cava and the placement of a large bore
cannula into the superior vena cava via the azygous
vein for venous drainage of the upper half of the body.
The blood was returned to the animal from a Sarns model
1400 pump via a catheter in one of the femoral arteries.
The coronary sinus outflow was returned to the pump by
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a sucker, and the Thebesian drainage within the left ventricle was collected and returned to the pump from a catheter inserted into the left ventricle through its apex.
The blood was oxygenated with 100% oxygen in a Travenol
2 liter miniprime bag and passed through a heat exchanger
before being returned to the animal.

For placement of

the electrodes, the dog's body temperature was lowered
to 27°-30°C but was maintained at 37°C for the stimulations.

For the initial experiments which included

studies on the dromotropic effects of stellate ganglia
stimulation on the middle and posterior internodal pathways and AV node (see Figure 6), the oxygenator bag was
primed with lactated Ringer's solution (1000 cc).

How-

ever, because the Ringer's solution was hypo-osmotic to
blood, a steady loss ;f fluid, primarily to the gut, occurred.

This created a problem of maintaining an adequate

perfusion, which was further exaggerated by the addition
of lactated Ringer's solution to the system.

Therefore,

the priming solution was changed to a mixture of 4-6%
dextran (MW, 40,000) and Ringer's.
slightly hyperosmotic to the blood.

The priming fluid was
Using this solution,

little additional volume of fluid was added to the system
to maintai_n a pump output of 1. 5-2. 0 L/min for dogs weighing 14-20 kg for experiments lasting 2-4 hours.

Systemic
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arterial pressure was monitored in the initial experiments, and the mean perfusion pressure was maintained
between 90-150 mm Hg.

With the volume of priming fluid

used, the hematocrits at the termination of the experiment fell to 20-30%.

While arterial or venous po

2

was

not monitored, there was no gross evidence of hypoxia,
i.e. gasping movements or cardiac arrhythmias.
Following placement of the electrodes, to be described in detail later, the atriotomy was left open and
the sucker was replaced in the thoracic cavity just ros~ral

to the diaphragm to suck up the blood draining into

the chest cavity.

The atriotomy was left open for ease

in adjusting the placement and contact of the electrodes
to obtain optimal electrograms.
B.

Physiological Effects of the Anesthesia
The pre-anesthetic agent, phencyclidine HCl, was

used to facilitate the administration of alpha-chloralose.

At low doses, phencyclidine HCl has a tranquil-

izing action but at 2.0 mg/kg IM the anesthetic effects
appear (22).
hour.

The duration of its action is about one

While the cardio-respiratory effects of phencycli-

dine HCl vary with the species studied, Chen noted that
in dogs 2.0 mg/kg produced a slight increase in blood
pressure with no depression of respiration.

He also
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observed that phencyclidine HCl had no adrenergic or cholinergic blocking effect.

However, Beta adrenergic block-

ade has been observed in cats

(155).

Chen, as well as

Ilett, have reported that phencyclidine HCl potentiates
the effects of exogenous epinephrine and norepinephrine
through the release of endogenous catecholamines as well
as through a direct activation of alpha-adrenergic receptors (21, 96).

While the relative sympathomimetic or

sympatholytic actions of phencyclidine HCl are unsettled,
these effects have little influence on the responses observed in the experiments reported here since two to
three hours elapse from the time of injection of phencyclidine HCl and the beginning of the stimulations.
The anesthetic, alpha-chloralose, was used in
these experiments because it seems to produce minimal
depression of autonomic functions

(9).

However, the

validity of this conclusion is open to question since
the effects of alpha-chloralose on the sympathetic and
parasympathetic system are conflicting.
The respiratory and cardiovascular effects of
alpha-chloralose anesthesia have been noted by a number
of investigators (9, 26).

Most recently, Cox reported

that chloralose anesthesia had minimal effects on hemodynamic variables in trained, chronically instrumented
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dogs

(26).

Within one hour after the induction of anes-

thesia, all hemodynamic parameters recorded had returned
to their pre-anesthetic levels.

The response to exo-

genous norepinephrine were also similar in the unanesthetized and chloralose anesthetized dog.

Therefore,

the cardiovascular system seems to be minimally affected.
Arfors, Arturson, and Malmberg compared the effects of light chloralose anesthesia (50-70 mg/kg initially, followed by a slow IV infusion of a 2% solution) of six hours duration on cardiovascular parameters,
blood gases, and pH with a separate group of conscious
dogs (6).

They noted little change in mean arterial

pressure, cardiac index, and oxygen consumption, but
an increase in heart rate (109 + 22.9 conscious versus
144 + 23.8 anesthetized six hours).

There was also a

fall in pH (7.41 conscious versus 7.33 anesthetized for
six hours) which was associated with ·an increase in arterial Pco •
2

Thus chloralose anesthesia appears to be

associated with acidosis which is both respiratory and
metabolic in origin.

In the series of experiments re-

ported here, the pH was measured near the termination of
a few experiments.
C.

The pH had fallen to approximately 7.1.

Description and Placement of the Electrodes
For recording atrial activation, bipolar plaque
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electrodes were utilized.

The plaques were made of den-

tal acrylic in which teflon coated, 30 gauge silver wire
was embedded.

The plaques used to record the activation

of the internodal pathways contained three wires whose
tips were triangularly spaced 1.0-1.5 mm apart.

Poten-

tials from a combination of two of the three were selected for the sharpest bipolar electrogram.

These

plaque electrodes were sutured over the internodal pathways of James at the points illustrated in Figures 1 and
2.

The electrode over the anterior internodal pathway

w.as placed epicardially on the superior border of the interatrial septum medial to the superior vena cava and anterior to the right pulmonary artery.

The activation of

the middle internodal pathway was recorded endocaridally
at the limbus of the fossa ovalis.

Posterior internodal

pathway activation was recorded distally as it passed
through the tissue between the AV ring and the coronary
sinus.

All electrodes were placed with their sutures

running parallel to the orientation of the muscle fibers.
In addition to recording the activation of the internodal pathways, activation of the AV .node was assessed
using a His bundle electrogram.

The rational for using

the His bundle electrogram as an index for AV nodal activation will be discussed in a later section.

The His
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FIGURE 1
DRAWING SHOWING LOCATION OF
INTERNODAL CONDUCTING PATHWAYS
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FIGURE 1
LEGEND
Schematic drawing showing relationship of the internodal pathways of James to the SA node, coronary sinus,
AV node, and His bundle. sa = sinus node.
ain = anterior internodal pathway which is composed of two branches.
One, Bachmann's bundle, passes from the sa node to the
left atrium, and a second which leaves Bachmann's bundle
and traverses the interatrial septum obliquely and ~nters
the AV node. min = middle internodal pathway which' leaves
the sa node caudally, passes along the crista terminalis
to the level of the limbus of the fossa ovalis, and then
traverses the limbus and enters the AV node.
pin = posterior internodal pathway also leaves the caudal portion
of the sa node and courses with the min along the crista
terminalis. However, it continues along the crista to
the coronary sinus and passes around it and enters the
AV node.
av = AV node.
cs = coronary sinus. his = His
bundle.
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FIGURE 2
DRAWING SHOWING ELECTRODE PLACEMENT
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FIGURE 2
LEGEND
This superior lateral view of the canine heart
shows the placement of the electrodes used to record
atrial activation. The electrodes were sutured at the
ends of the lines designating their respective locations.
SA = the location of the sinus node over which a plaque
electrode was sutured. AIN = the location of the electrode for recording the activation of the anterior internodal pathway which was sutured over Bachmann's bundle
at the superior border of the interatrial septum medial
to the superior vena cava. The line labelled MIN shows
the position of the bipolar electrode which recorded the
activation of the middle internodal pathway as it passes
through the limbus of the fossa ovalis. PIN denotes the
placement of the electrode for recording the activation
of the posterior internodal pathway as it passes between
the coronary sinus and AV ring.
HIS shows the placement
of the Hoffman-type electrode for recording the activation of the His bundle.
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bundle electrogram was recorded from the atrial side
using a Hoffman electrode containing five teflon coated
silver wires

(88).

Two of the five wires were paired

such that the cleanest His electrogram complex was recorded.

Two sutures held the plaque electrode in place

with one suture placed through the septal leaf of the
tricuspid valve and the other through the interatrial
septum just cranial to the AV node.

The pick-up points

were positioned over the distal AV node and proximal to
the His bundle.
In some experiments two additional electrodes were
sutured epicardially over the sinus node and on the lateral surface of the right atrial appendage.

The sinus

node was consistently identified by the sinus node artery

(101).

The electrode was carefully placed so that

the nodal artery was straddled at the junction of the
superior vena cava and right atrial appendage.

A three

wire plaque electrode was used in all experiments for
recording activation over the sinus node except in the
series of experiments in which the influence of the
thoracic cardiac nerves on pacemaker localization within
the sinus node was studied.

In this series of experiments

a plaque electrode containing five individual bipolar
electrodes was used.

A detailed description of the
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placement of these five bipolar electrodes will be given
later.
D.

Preparation and Stimulation of Nerves
To minimize reflex compensations, the cervical

vagi and stellate ganglia were decentralized.

The vagi

were transected in the neck and the stellate ganglia
were isolated from the sympathetic chain.

The thoracic

nerves associated with the stellate ganglia, caudal cervical ganglia, and thoracic vagi were isolated and identified according to Mizeres

(143, 144, 145).

Figure 3

is a schematic drawing illustrating the relationship of
these nerves to the caudal cervical and stellate ganglia.
The nerves were stimulated using stainless steel
Porter electrodes and a Grass SD-5 stimulator isolated
from ground.

The stimulation parameters of 10 Hz, 5

msec duration and 5 to 7 volts were monitored with an
oscilloscope.

These stimulation parameters were deter-

mined to be supramaximal for these nerves.

The nerves

were stimulated for 10-20 seconds.
E.

Data Acquisition
The electrodes from the internodal pathways and

His bundle were connected to Grass P-511 amplifiers
whose filters were set at 35 Hz for half amplitude high
pass and 10 KHz for half amplitude low pass.

With these
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FIGURE 3
DRAWING OF THORACIC CARDIAC NERVES (AFTER MIZERES)
Drawing illustrating the thoracic cardiac nerves
stimulated in these experiments. These nerves are designated according to the terminology of Mizeres (143).
VMCCN = ventromedial cervical cardiac nerve. VLCCN =
ventrolateral cervical cardiac nerve.
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filter settings the output from the amplifiers was flat
from 250 Hz to 1.0 KHz.

The electrograms from the SA

node and right atrial appendage were amplified by capacitance coupled Grass low level DC preamplifiers in the
initial series of experiments.

In later experiments

Grass wide band AC EEG preamplifiers were used.

These

amplifiers do not require a chopper, and therefore, have
a much higher frequency response.

In the experiments in

which the AC preamplifiers were used, the low frequency
half amplitude filter was set at 10 Hz.

The effect of

the response characteristics on the morphology of the
His electrogram is very important and will be discussed
in the section dealing with the His bundle electrogram.
The outputs from all the amplifiers were connected to the inputs of an eight channel Precision Instrument tape recorder model 6100 operated in the direct
mode.

For analysis of activation sequence of the elec-

trograms, the data were played back through a Tektronix
565 oscilloscope and photographed on movie film with a
Grass C4N Kymographic camera operated at a speed of
either 250 mm/sec or 500 mm/sec.
Use of the tape machine for recording these electrograms from the heart was found to alter the waveforms
of the electrograrns when compared to the same electrograms
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photographed directly from an oscilloscope connected in
series to the amplifiers.

Figure 4 compares the output

recorded from an oscilloscope which was connected directly with the output from the amplifiers with electrograms recorded on tape from the same experiments a few
beats later.

The same pulse was not taken because of

the delay in the tape machine associated with the separation of the playback heads from the recording heads.
The electrograms recorded were from the His bundle
(HIS), anterior internodal pathway (AIN), middle internodal pathway (MIN), and posterior internodal pathway (PIN).

The electrogram shown under "A" were photo-

graphed from an oscilloscope which was directly connected to the output of the amplifiers without the tape
recorder in the circuit.

Those electrograms under "B"

were photographed from an oscilloscope which was connected to the output of the tape recorder.

The low and

high pass filters were 10 KHz and 35 Hz respectively.
While the tape machine may slightly alter the
morphology of the waveforms, the time relationships between the individual electrograms was not affected.

'l'he

major alterations appeared in the terminal components
of the individual electrograms and not in the initial
phases.

The second component in the MIN electrogram
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FIGURE 4
COMPARISON OF AMPLIFIER OUTPUT AND TAPE OUTPUT
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FIGURE 4
LEGEND

Comparison of the output photographed directly
from the amplifier system (A) with a pulse recorded 10
sec later from the tape recorder (B).
Illustrates the
effect of introducing the tape machine into the recording circuit on the morphology of the waveform. The top
series of tracings were photographed from an oscilloscope which was connected to the output of the amplifier
system without the tape recorder. The lower tracings
were recorded from the same preparation 10 seconds later and shows the effect of the tape recorder on the
morphology of the waveforms. The "a," "h," "v" designate the atrial, His bundle, and ventricular septal
components of the His bundle electrogram (HIS). AIN =
electrogram recorded from the anterior internodal pathway at Bachmann's bundle. MIN = electrogram recorded
from the middle internodal pathway at the limbus of the
fossa ovalis, and PIN = electrogram recorded from the
posterior internodal pathway between the coronary sinus
and AV ring. The time line represents 40 msec.
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photographed from the output of the tape recorder (under
B in the Figure) is an artifact which consistently appeared on this channel of the tape recorder in the terminal series of experiments.
F.

Analysis of Recordings
All the electrograms in these experiments were

bipolar with the pairs of pickup points spaced 1.0 to
1.5 mm apart.

Using Harris' terminology the recordings

were made with contiguous electrodes (76).

By using

contiguous electrodes the problem of differentiating
the intrinsic deflection from the extrinsic deflection
of Lewis is minimized (127).

According to Lewis, the

extrinsic deflection of a unipolar electrogram represents the activation of the electrode by the approaching
wavefront which has not yet activated the tissue directly
under the electrode.

The intrinsic deflection represents

the excitation of the tissue directly under the electrode.
Since the current associated with the extrinsic activation consists of a broad wavefront of potential passing
through the surrounding conducting medium, closely spaced
electrodes which are recording differentially minimize
the extrinsic component of the electrogram since both
electrodes are equally affected.

In fact, however, both

electrodes of the pair may not be affected equally and,

......
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therefore, a small potential results.

The amplitude of

this potential depends on the geometry of the muscle
mass below the electrode and the relationship of the electrode pair to this tissue mass.
The question arises as to what component of a surface bipolar electrogram represents localized activation.
Sodi-Pallares used the apex of the major deflection of
bipolar electrograms as most closely correlating with
the intrinsic activation of the ventricle since it corresponded with the peak of the R wave of the QRS (189).
Also, this major component was little affected by right
and left ventricular extrasystoles.

However, the dura-

tion of the QRS was long and variable.

Therefore, using

the peak of the major component to represent localized
activation because it corresponds in time to the R wave
introduces error.

However, there is a consistency in

the analysis in that the same component is used for time
of ventricular events.

Others have found similar prob-

lems in trying to relate a specific component of the unipolar electrogram to localized activation (171).
In these experiments, the initial detectable deflection from baseline was used in the analysis of sequence and timing.

With shifts in the activation se-

quence occurring with nerve stimulations, the morphology
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of the waveforms was altered.

Therefore, in any given

experiment the sequences were determined from a consistent component in the control and stimulation electrograms.

This component was the earliest major deflec-

tion which was not altered from the control to the experimental electrograms.
G.

Validity of the His Bundle Electrogram
The His bundle electrogram consists of three dis-

tinct components.

The first is the activation of the

atrial tissue overlying the AV node, and its activation
i_s designated as the "A" component or complex.

The se-

cond major deflection in the His electrogram represents
activation of the His bundle.
nated as the "H" complex.

This component is desig-

It is of short duration and

consists of high frequency components of 200 to 500 Hz.
The third complex in the electrogram is the activation
of the ventricular septum which surrounds the His bundle.
This complex is designated as the "V" component in the
His bundle electrogram.

Figure 5 shows a His bundle

electrogram recorded simultaneously with lead II ECG
from an open chest dog.

The onset of the "A" component

of the His electrogram occurs coincident with the "P"
wave of the ECG.
(H

The His component of the electrogram

wave) occurs after the "P" wave but before the
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FIGURE 5
HIS BUNDLE ELECTROGRAM AND ECG
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FIGURE 5
LEGEND
The simultaneous recording of the His bundle
electrogram and lead II of the standard ECG recorded
from an open-chest animal on cardiopulmonary bypass.
The top tracing is the His bundle electrogram with its
atrial (A) , His bundle (H) , and ventricular septal (V)
components. The bottom tracing is the ECG showing the
p wave and QRS complex. The A-H subinterval (measured
from the initial deflection from base line) is 75 msec.
The H-V subinterval is 42 msec. The P-R interval is
111 msec.

r
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beginning of the "QRS" of the ECG.

The "V" component

begins a few msec before the "QRS" indicating that it
is not only recording the localized activity of the ventricular septum but also elements of total ventricular
activation.

Thus, the components of the His bundle elec-

trogram occur in proper temporal relationship with the
electrocardiogram to be associated with activation of
the inferior medial portion of the right atrium, His
bundle, and ventricular septum.

In addition, in many of

the experiments either the thoracic or cervical vagi were
~timulated

which lengthened the A-H subinterval.

was observed to shorten this interval.

Also NE

However, other

criteria have been utilized in assessing the validity of
the His bundle electrogram.
Alanis and his co-workers were the first to record
the His bundle electrogram with its atrial, AV nodal, His
bundle, and ventricular components (3).

Using an iso-

lated, perfused dog or cat heart and recording with small
steel electrodes whose tips were 5-30 µ in diameter, they
verified that the first complex of the electrogram was
associated with activation of atrial tissue overlying the
AV node and proximal His bundle.

The second major compo-

nent was the excitation of the His bundle itself, and the
third, activation of the ventricular septum.

The atrial

r

r

!
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component was defined by the consistency of its morphol0

gy with pacing from both the sinus node and AV nodal re-

gion.

Also, it could be separated from the other two

components by transection of the proximal His bundle.
The deflection associated with activation of the His bundle was found only in the limited area where the His bundle is located anatomically.

With the recording elec-

trade placed somewhat distally over the His bundle, transection of its proximal segment resulted in a His bundle
rhythm which was dissociated from atrial activation.
Also, with pacing from the ventricle, there was reversal
in sequence of atrial, His bundle, and ventricular components.
The interval between activation of the atrial component and His bundle was termed the A-H subinterval by
Alanis

(3).

For his isolated heart preparation the time

interval for this subinterval was 36 to 148 msec with an
average time of 70.5 msec (2).

Vagal stimulation and in-

fusion of acetylcholine as well as increasing the pacing
frequency lengthened the A-H subinterval.

However, adre-

nalin infusion had the opposite effect, producing a
shortening of the subinterval.

Thus, conditions which

either lengthen or shorten AV nodal conduction time have
the same effect on the A-H subinterval.

While this same
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aromotropic effect is seen in the P-R interval of the
ECG, the A-H subinterval has the advantage of recording
more localized activity through the AV node without introducing the influence of atrial pacemaker shifts (other
than those of AV nodal in origin).

Shifts in pacemaker

site may have a significant influence on the duration of
atrial activation, and the temporal relationship between
activation of the atria, AV node, and ventricle.
In his recording of electrograms in the region of
the AV node and His bundle, Alanis also recorded a component which he interpreted as the direct activation of
the AV node (N wave) itself (2).

Alanis' description

of this N wave as AV nodal in origin was based on its
appearance between activation of the atrium and His bundle.

Its amplitude was reduced when the pacing frequency

was increased.

However, this component was not seen in

all the His bundle electrograrns.

In those figures where

it was shown, the amplification of the recording was increased.

Scher has questioned Alanis' interpretation of

this component and considered it to be atrial in origin
rather than AV nodal (177).
H.

Recording System Frequency Response and the IIis
Bundle Electrogram
The frequency response of the recording system is
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a significant factor in determining the morphology of the
individual components of the His bundle electrogram.
While Alanis does not discuss the influence of frequency
response on the His bundle electrogram, both Scherlag
and Hoffman emphasize it in their discussions of recording technique (88, 183).

Scherlag compared recordings

obtained using electrodes with high and low pass filters
set at 0.1 Hz and 200 Hz to that with 40 Hz and 500 Hz.
By removing the low frequency components, the His bundle
recording became much clearer with enhancement of the
His deflection and more distinct separation of the atrial,
His, and ventricular complexes (183).

Earlier, Hoffman

et al. looked at the influence of the low and high pass
filter settings on the amplitude of bipolar electrograms
and His bundle recordings using an Electronics for Medicine recording oscillograph (88).

The greatest ampli-

tude was achieved with the low pass filter setting between 4.2 Khz and 4.5 Khz and a high pass filter range
of 20-60 Hz.

Recently, Moore et al. discussed in detail

the affects of filtering circuits on the morphology of
the His bundle electrogram (149).

They proved that re-

lative amplitudes and morphology of the components are
altered by the filtering system employed.

By removing

the low frequency components, the atrial and ventricular
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components are made much sharper with fewer waveforms in
the individual components.

CHAPTER IV
RESULTS

A.

Dromotropic Effects of Stellate Stimulation on the
AV Node and Internodal Pathways
A series of fourteen dogs were studied to deter-

mine the relative effect of right and left stellate ganglion stimulation on conduction along segments of the
middle and posterior internodal pathways through the AV
node.
Procedures employed:
In this series of experiments bipolar electrograms were recorded from three tripolar electrodes sutured at points along the crista terminalis and over the
band of tissue between the coronary sinus and AV ring
(Figure 6).

One electrode was sutured over the cranial

portion of the crista approximately at the caudal pole
of the sinus node (CT); a second across the crista at
s
the level of the limbus of the fossa ovalis (CTL); and
a third over the band of tissue between the coronary
84
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FIGURE 6
DRAWING SHOWING ELECTRODE PLACEMENT
FOR CONDUCTION STUDIES
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FIGURE 6
LEGEND
A superior-lateral view of the heart illustrating
the placement of the electrodes along the crista terrninalis, over the posterior internodal pathway at the segment of tissue between the coronary sinus and AV ring,
and over the His bundle.
CTs = the electrode site over
the crista terrninalis at the caudal pole of the sinus
node.
CTL = site of the electrode over the crista at
the level of the lirnbus of the fossa ovalis.
PIN = electrode over the posterior internodal pathway as it passes
through the segment of atrial tissue between the coronary
sinus and AV ring.
HIS = site of placement of the Hoffrnantype electrode for recording the His bundle electrogram.
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sinus and AV ring (PIN).

The middle and posterior in-

ternodal pathways leave the caudal pole of the sinus
node and pass along the crista concurrently to the level
of the limbus of the fossa ovalis where the middle internodal pathway leaves the crista and continues along
the limbus to the AV node.

The posterior internodal

pathway continues along the crista terminalis crossing
the Eustachian ridge and passing between the coronary
sinus and AV ring.

Thus, with the placement of these

three electrodes, conduction over both the middle and
posterior internodal pathways was recorded along the
segment of tissue between the CTS and CTL sites while
the time interval between activation of the CTL and PIN
electrode sites represented conduction along the distal
segment of the posterior internodal pathway.
Additional electrodes were sutured epicardially
on the lateral surf ace of the right atrial appendage
(RA) away from known specialized conductile tissue and
over the SA node (SA) for pacing.
For recording activation across the AV node, a
His electrode of the Hoffman-type was utilized (HIS).
The placement of this electrode was described in the
methods section.
The time interval between the "A" and "H" components
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(A-H subinterval) represents an approximation of AV nodal conduction time (5, 6).
For this series, only the P-511 amplifiers were
used.

The electrograms were recorded as outlined in

the methods section.

For analysis, the electrograms

were played back through a Tektronix 565 oscilloscope
and photographed with a Grass C4N kymographic camera at
500 mm/sec.

However, the recording chosen for figures

were photographed on Polaroid film directly from the
oscilloscope at 20 msec/div.

Using playback at 500 mm/

$ec, conduction time could be accurately measured to
1.0 msec.
Conduction time rather than conduction velocity
was utilized in determining the influence of the right
and left stellate ganglion on conduction along the
crista terminalis.

The absolute conduction velocity

was not used because of the error in trying to accurately measure tissue distances between each pair of
electrodes, particularly between the electrodes at the
level of the limbus

(CTL) and the one over the distal

segment of the posterior internodal pathway
conduction time

(PIN).

Tl1e

(in msec) from the electrode at the

caudal pole of the sinus node

(CTS)

crista at the level of the limbus

to that over the

(CTL) and that from the
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CTL site to the electrode between the coronary sinus and
AV ring (PIN) were compared before and during right and
left stellate ganglion stimulation.
Figure 7 shows the effect of stellate stimulation
on conduction time along the crista terminalis as well
as across the AV node itself, with pacing from the SA
node at 300/min.

In this experiment pacing at this rate

was required to maintain pacemaker control with right
stellate ganglion stimulation.

The top portion of the

Figure shows the control activation for stellate stimulation while the bottom portion shows the corresponding
responses to right (RSS) and left (LSS) stimulation.
During the control period prior to RSS, the activation
spread from CT 8 -CTL-PIN, thence across the node to the
His bundle.

The time interval between CT 8 -CTL was 4 msec

and that between CTL-PIN 14 msec.
was 80 msec and H-V 34 msec.

The A-H subinterval

With stimualtion of the

right stellate (RSS) the time intervals between activation of the electrodes along the crista terminalis were
unchanged.

However, the A-H subinterval was shortened

to 47 msec with the H-V subinterval remaining unchanged.
Prior to stimulation of the left stellate ganglion, the
time interval between activation at the CT

8

and CTL elec-

trodes was 2 msec, and 12 msec for the interval between

r
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PACE SA
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HIS
CTs
CTL
PIN
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CTg
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FIGURE 7
STELLATE STIMULATION AND ACTIVATION ALONG
CRISTA TERMINALIS WITH PACING FROM SA NODE
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FIGURE 7
LEGEND
An example of the control activation sequence
and sequences observed with stimulation of the right
(RSS) and left stellate ganglion (LSS) with pacing from
the SA node at 300/min. The stimulation parameters were
10 Hz, 5 msec duration, and 5 V. The respective control
tracings are shown at the top and the responses to stellate stimulation are shown at the bottom.
HIS = His bundle electrogram with its atrial (a), His bundle (h), and
ventricular septal (v) components. CTs = electrogram
recorded from the caudal pole of the sinus node; CTL =
electrogram from the crista terminalis at the level of
the limbus of the fossa ovalis; PIN = activation of the
posterior internodal pathway as it passes between the
coronary sinus and AV ring. The length of the bar equals
a time interval of 40 msec.
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activation of the CTL and PIN sites.

Left stellate stim-

ulation (LSS) did not alter conduction time between the
internodal pathway recording sites, while the A-H subinterval was shortened from 80 msec to 44 msec.

Thus,

using changes in the A-H subinterval as an index of AV
nodal conduction time, left stellate stimulation had a
greater dromotropic influence on the AV node than did
the right stellate.

In the absence of any dromotropic

effect on the crista terminalis, it is concluded that
there is no differential effect on conduction along the
middle and posterior internodal pathways.
The dromotropic influence along the crista terminalis under paced conditions with stellate stimulation
is summarized in Table I.

The mean differences in con-

duction time between electrode sites are expressed in
msec.

Independent of pacing site, right and left stel-

late ganglion stimulation had no significant effect
(p<.001) on conduction time between sites on crista terminalis (segments of the middle and posterior internodal
pathways).

Although the data are not shown in the Table,

norepinephrine (0.5 µgm/kg)

failed to change conduction

times along the crista terminalis.

The mean differences

from control in conduction time between the CT

8

and CTL

site and the CTL-PIN site with NE was zero for four

93
TABLE I
MEAN DIFFERENCE IN CONDUCTION TIME ALONG
CRISTA TERMINALIS AND POSTERIOR
INTERNODAL PATHWAY WITH STELLATE STIMULATION

MEAN DIFFERENCES IN CONDUCTION TIMES WITH SYMPATHETIC STIMULATION
PACE SA (N = 13)
RSS
CTS - CTL
CTL - PIN

- 0.08 msec + 0.04 SE
0 msec

Significance

NS

LSS
- 0.08 msec + 0,04 SE

NS

0 msec

Signifjcanc~

NS
NS

PACE RA (N = 12)

rrs -

CTL

C\ - PIN

O msec
-0.09 msec + 0.09 SE

NS
NS

- 0.09 msec + 0.09 SE

0 msec

NS
NS

94

TABLE I
LEGEND
Summarizes the effect of right (RSS) and left
(LSS) stellate ganglion stimulation on conduction along
the crista terminalis and posterior internodal pathway.
The values are the mean difference, +SE, from control
in conduction time observed in 14 dogs with pacing from
the sinus node (SA) and right atrial appendage (RA) •
N = the number of stimulations from each pacing site.
CTs-CTL = activation of the segment of the crista terminalis from the caudal pole of the sinus node to the level of the limbus of the fossa ovalis. CTL-PIN = the
interval between activation of the electrode on the
crista at the level of the limbus and that over the distal segment of the posterior internodal pathway (PIN).
Significance was calculated using the Student t test.
NS =not significantly different from zero (p>.10).
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experiments.
In comparison, the influence of supramaximal right
and left stellate stimulations on AV nodal conduction expressed in terms of changes in A-H subinterval is shown
in Table II.

LSS shortened the A-H subinterval by 35%

in the unpaced preparation while RSS shortened this subinterval by only 9%.

During pacing from either the sinus

node or right atrial appendage, a 30% decrease in conduction time across the AV node was observed with LSS while
the decrease was 17% during RSS.

The differences in ef-

f.ect of LSS and RSS on AV nodal conduction with and without pacing were highly significant (p<0.001).
B.

Sympathetic Control of Pacemaker Localization
The effects of right and left stellate ganglia

stimulation on the sequence of activation of electrodes
sutured over the sinus node, internodal pathways of
James, right atrial appendage, and His bundle were
studied in a series of twelve dogs.

Pacemaker locali-

zation was inferred from changes in the initial site
of activation of the electrode sites.
Procedures employed:
The dogs were anesthetized and placed on cardiopulmonary bypass as described in the general methods section.

Figure 8 shows the position of the electrodes over
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TABLE II
COMPARISON OF THE EFFECTS OF STELLATE GANGLION
STIMULATION ON AV NODAL CONDUCTION

UNPACED
CONTROL
(N=9) 77 msec.

CONTROL
(N=l3) 65 msec

--------·

LSS
50 msec

PACED
CHANGE

-27+10.2 msec

% CHANGE
-35%

RSS

CHANGE

% CHANGE

59 msec

-6+3.9 msec

-9%

CONTROL
(N=26) 70 msec

CONTROL
(N=23) 76 msec

LSS
58

msec

CHANGE
-21+4.0 msec

RSS

CHANGE

63 msec

-13+3 msec

% CHANGE
30%
% CHANGE

-17%
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TABLE II
LEGEND
Compares the effects of right (RSS) and left (LSS)
stellate ganglion stimulation on AV nodal conduction as
indicated by a decrease in the a-h subinterval of the His
bundle electrogram. The left portion of the Table gives
the mean, +SE, a-h subintervals for the respective controls and stimulations in the unpaced preparation, while
the right tives the corresponding values for pacing. The
results of pacing from the sinus node and right atrial appendage are combined. N = the number of stimulations from
14 dogs under paced and unpaced conditions. The greater
shortening of the A-H subinterval by left stellate ganglion stimulation with and without pacing was significant
to p<.001 level using the unpaired Student t test.
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FIGURE 8
DRAWING SHOWING ELECTRODE PLACEMENT
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FIGURE 8
LEGEND
This Figure is the same as Figure 1 and shows a
superior lateral view of the canine heart with the placement of the electrodes used to record atrial activation.
SA = the location of the sinus node over which a plaque
electrode was sutured. AIN = the location of the electrode for recording the activation of the anterior internodal pathway which was sutured over Bachmann's bundle at the superior border of the interatrial septum
medical to the superior vena cava. The line labelled
MIN shows the position of the bipolar electrode which
recorded the activation of the middle internodal pathway
as it passes through the limbus of the fossa ovalis.
PIN denotes the placement of the electrode for recording
the activation of the posterior internodal pathway as it
passes between the coronary sinus and AV ring.
HIS shows
the placement of the Hoffman-type electrode for recording
the activation of the His bundle. The electrodes were
placed at the end of the lines designating their position.
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the sinus node (SA), anterior, middle, and posterior internodal pathways (AIN, MIN, and PIN respectively), the
right atrial appendage (RA) , and over the His bundle
(HIS}.

Note that in this series of experiments the bi-

polar electrograms from the plaque electrodes at the
sinus node and right atrial appendage were amplified
using capacitance coupled Grass low level DC Preamplifiers with a time constant of 0.1 sec.

For analysis of

sequence and timing, the data were played back through
a Tektronix 565 oscilloscope and photographed on film
u.sing a Grass C4N Kymographic camera at a speed of
250 mm/sec.
Figure 9 illustrates an example of the influence
of left stellate stimulation on the sequence of activation of the internodal pathways.

During the control

period, activation of the electrode over the anterior
internodal pathway at Bachmann's bundle preceded that
of the sinus node by a few msec.

The sinus node was

followed by activation at the MIN-RA-PIN electrodes.
During left stellate stimulation (LSS), heart rate increased from a control value of 156 to 180/min, and
the A-H subinterval was shortened from 74 to 40 msec.
The activation sequence was changed dramatically with
initial electrode excitation at MIN followed by
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FIGURE 9
RESPONSE TO LEFT STELLATE GANGLION STIMULATION
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FIGURE 9

LEGEND
An example of the control sequence and activation pattern observed during stimulation of the left
stellate ganglion (LSS). HIS= bipolar electrogram
recorded from the His bundle with its atrial (a}, His
bundle (h), and ventricular septal (v) components.
SA = electrogram recorded over the sinus node.
ain =
electrogram recorded from the anterior internodal pathway at Bachmann's bundle. min= activation of the middle internodal pathway at the limbus of the fossa ovalis.
pin = electrogram from the posterior internodal pathway
between the coronary sinus and AV ring.
ra = bipolar
electrogram recorded from the right atrial appendage.
HR = heart rate in beats/min.
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PIN-AIN-SA-RA sites.
Figure 10 summarizes the frequency with which
initial activation was noted at the individual electrode
sites.

It must be emphasized that while the specific

pacemaker locus cannot be determined by the recording
techniques used here, inferences concerning pacemaker
shifts are valid.

Therefore, in plotting the occur-

rences of initial negativity with respect to only six
recording sites, pacemaker shifts are inferred to account for changes in electrode activation as a direct
result of sympathetic stimulation.

The ordinate ex-

presses frequency as percent of the total observations,
while the abscissa indicated the specific electrode
site from which the electrograms were recorded.

During

the control period prior to right and left stellate
ganglia stimulation, the sinus node was the site of
initial activation in 68% of the 22 observations from
12 experiments.

In the remaining 32% the pacemaker re-

sided nearer to the AIN, PIN, or His sites.

Initial ac-

tivation at the MIN site was not observed during prestimulatidn controls.

Right stellate stimulation shifted

the pacemaker such that the initial deflection occurred
in or near the SA node in 100% of the observations.

Dur-

ing left stellate stimulation the SA node was the site of
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FIGURE 10
FREQUENCY HISTOGRAM OF INITIAL EXCITATION AT
RECORDED SITES DURING RIGHT AND LEFT
STELLATE GANGLION STIMULATION
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FIGURE 10
LEGEND
The frequency of initial excitation at recorded
sites expressed as percent of total (ordinate). The
electrode sites are shown on the abscissa.
sa = sinus
node. ain = anterior internodal pathway at Bachmann's
bundle. min = middle internodal pathway over the limbus of the fossa ovalis. pin = posterior internodal
pathway between the coronary sinus and AV ring. HIS =
His bundle electrogram. Controls for right stellate
(RSS) and left stellate (LSS) stimulations are combined
as one group.
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initial activation only 56% of the time.

The AIN and

PIN sites each showed initial activation in 18% of the
stimulations.

Pacemaker activity was localized near

the region of the His bundle in the remaining 8%.

Thus,

during the control period, there existed clear sinus
node dominance of the pacemaker site, but dominance was
I

not complete.

Right stellate stimulation shifted the

pacemaker towards the SA node while the left sympathetics shifted it to a non-nodal but supraventricular
site.
C.

Thoracic Cardiac Nerve Induced Intra-Sinus Nodal
and Supraventricular Pacemaker Shifts
Another series of experiments were performed on

30 dogs to study shifts in pacemaker within the sinus
node and to sites in the vicinity of electrodes sutured
over the internodal pathways induced by stimulation of
the thoracic cardiac nerves described in the general
methods section.

These pacemaker shifts produced speci-

fie changes in the pattern of atrial activation.
Procedures employed:
The dogs were anesthetized and placed on total
cardiopulmonary bypass as outlined in the general methods section.

Electrodes were sutured over the an-

terior, middle, and posterior internodal pathways and

r
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FIGURE 11
DRAWING SHOWING ELECTRODE PLACEMENT FOR
INTRA-SA NODAL PACEMAKER EXPERIMENTS
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FIGURE 11
LEGEND
This Figure is the same as Figure 1 and shows
the placement of the electrodes used to record atrial
activation. The electrodes were sutured at the ends
of the lines designating their respective locations.
SA = the location of the sinus node over which a plaque
containing three bipolar electrodes was sutured. AIN =
the location of the electrode for recording the activation of the anterior internodal pathway sutured over
Bachmann's bundle at the superior border of the interatrial septum medial to the superior vena cava. The
line labelled MIN shows the position of the bipolar
electrode which recorded the activation of the middle
internodal pathway as it passes through the limbus of
the fossa ovalis. PIN denotes the placement of the
electrode for recording the activation of the posterior
internodal pathway as it passes between the coronary
s.inus and AV ring.
HIS shows the placement of the
Hoffman-type electrode for recording the activation of
the His bundle.
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the His bundle.

In addition a plaque containing three,

close, bipolar electrodes with individual pick-up points
spaced 1.0-1.5 mm apart was sutured over the sinus node
to infer pacemaker localization within the node.

Since

each of the pairs was separated by 6.0 mm, the three bipolar electrodes spanned a distance of 12 mm.

The plaque

of electrodes for recording activation over the sinus
node was consistently placed over the node with one end
of the plaque at the junction of the superior vena cava
and right atrial appendage with the center line of the
e,lectrode pairs over the sulcus terminalis and sinus
node artery.

Thus, the rostral pair of electrodes was

approximateiy 3.0 mm distal to the junction of the superior vena cava and right atrial appendage.

Figure 11

illustrates the placement of the electrodes over the
internodal pathways, His bundle, and sinus node.

The

plaque over the sinus node (SA) contains the three pairs
of bipolar electrodes.

The electrodes over the inter-

nodal pathways and His bundle are designated by AIN, MIN,
PIN, HIS respectively.
The three electrograms from the sinus node and
the His bundle electrogram were all derived from Grass
P-511 amplifiers while Grass Wide Band AC EEG amplifiers
were used for the electrograms recording activation of
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the anterior, middle, and posterior internodal pathways.
For analysis of sequence and timing, the electrograms
were played back through a Tektronix 565 oscilloscope
and photographed with a Grass C4N Kymographic camera at
500 mm/sec.
Figure 12 compares the sequence of activation of
a control sequence with that seen in response to supramaximal stimulation of the right stellate cardiac nerve.
Activation during the control originated closest to the
''sm" electrode over the middle portion of the sinus node.
Excitation of the other two sinus node electrodes occurred simultaneously but about one millisecond later.
The wavefront of excitation then activated the rest of
the atrium with the electrode over Bachmann's bundle of
the anterior internodal pathway (a) activated almost
simultaneously with the electrode over the limbus of the
fossa ovalis (m).

Excitation of the posterior interno-

dal pathway at the coronary sinus (p) followed.

The

atrial tissue overlying the AV node (A wave of the His
bundle electrogram) was activated after the segment of
the posterior internodal pathway just inferior to the
coronary sinus.
During stimulation of the right stellate cardiac
nerve there was a slight but definite shift in sequence
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FIGURE 12
RESPONSE TO RIGHT STELLATE CARDIAC NERVE STIMULATION
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FIGURE 12
LEGEND
Control sequence of activation and that during
stimulation of the right stellate cardiac nerve using
stimulation parameters of 10 Hz, 5 msec duration, and
7 volts. h = His bundle electrogram with A = designating the atrial component, h = the activation of the
His bundle, and v = ventricular activation. a = electrogram recorded from the anterior internodal pathway
at Bachmann's bundle. m = electrogram recorded from
the middle internodal pathway at the lirnbus of the
fossa ovalis. p = electrogram recorded from the posterior internodal pathway as it passes between the
coronary sinus and AV ring. sr, sm, sc demonte the
bipolar electrograms recorded over the rostral, middle, and caudal regions of the sinus node respectively.
The time line denotes 50 msec.
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of excitation of the SA nodal electrodes indicating a
shift in pacemaker within the node.

While the bipolar

electrode over the middle portion of the SA node continued to be the first activated, the pacemaker was
shifted rostrally, thus producing excitation of the "sr"
electrode before the more caudal "sc" site.

With this

rostral shift in pacemaker within the sinus node, activation of the right atrium proceeded with the anterior
internodal pathway electrode (a) excited 17 msec before
the electrodes over the middle (m) and 24 msec before
the posterior (p) internodal pathways.

Thus, with a

more rostral pacemaker, the wavefront spreading slowly
through the node itself, excited Bachmann's bundle electrode considerably in advance of those over the fossa
ovalis and in the coronary sinus region.
Stimulation of the right stellate cardiac nerve
had a strong positive chronotropic effect increasing
the heart rate from 162/min to 222/min.

There appears

to have been some distribution of its nerve fibers to
the AV node as indicated by shortening of the A-h subinterval from 57 to 42 msec.

The h-V interval remained

essentially constant at 76 msec.
The response observed during stimulation of the
left cervical vagus is illustrated in Figure 13.

During
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FIGURE 13
RESPONSE TO STIMULATION OF THE LEFT CERVICAL VAGUS
Control and activation sequence seen with stimulation of the left cervical vagus at 10 Hz, 5 msec duration,
and 7 volts. The designation of the individual electrograms is the same as in Figure 12. The time line denotes
50 msec.
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the control period the initial site of activation within
the sinus node occurred at the middle electrode (sm)
with the rostral (sr) and caudal (sc) following.

Acti-

vation of the remainder of the right atrium began with
the electrode over the anterior internodal pathway (a)
with the middle (m) and posterior (p) internodal pathways following.

With early activation of the anterior

internodal pathway, the wavefront of excitation spread
rapidly down the interatrial septum activating atrial
tissue overlying the AV node (note the A component of
~he

His bundle electrogram) before the electrode sites

over the middle and posterior internodal pathways.

The

control heart rate was 160 beats/min with an A-h subinterval of 40 msec.
Left cervical vagal stimulation produced 2:1
block and in those beats that were conducted, lengthened the A-h subinterval to 88 msec.
beat is shown.

Only the conducted

The site of initial activation remained

within the sinus node, but shifted caudally to the caudal (sc) electrode.

The excitation then spread ros-

trally within the node activating the mi.ddle (sm) and
rostral (sr) electrode sites sequentially.

Spread of

activation outside the node began from the caudal pole
of the node activating the electrode over the middle
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internodal pathway at the limbus of the fossa ovalis (m),
the posterior internodal pathway (p) , the atrial tissue
overlying the AV node (A component of the His bundle
electrogram), and the anterior internodal pathway (a).
Thus, with the pacemaker localized in the more rostral
area of the sinus node excitation first left the node
rostrally presumably via Bachmann's bundle of the anterior internodal pathway and spread to the remainder
of the interatrial septum and left atrium.

A caudal

shift in pacemaker within the node resulted in the wavefront of excitation spreading initially down the crista
terminalis spreading over the limbus of the fossa ovalis
to the region of the AV node and to the area of the
coronary sinus.
Figure 14 shows the shift in sinus node pacemaker
with stimulation of the left thoracic vagus.

The pace-

maker within the sinus node was localized closest to the
middle electrode producing an activation sequence within
the sinus node of sm-sr-sc.

This initial spread of ex-

citation within the node rostrally also first activated
the more rostral of the internodal pathways

(a) followed

by the middle (m) and posterior sites (p).

The control

A-h subinterval was 41 msec with a heart rate of 216/min.
Stimulation of the left thoracic vagus produced bradycardia
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FIGURE 14
RESPONSE TO STIMULATION OF THE LEFT THORACIC VAGUS
Control and activation sequence observed with stimulation of the left thoracic vagus at 10 Hz, 5 msec duration, and 5 volts. The designation of the individual electrograms is the same as in Figure 12. The time line denotes 50 msec.
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with atrial activation originating at the more caudal
portion of the sinus node.

Activation then spread ros-

trally within the node and to the remainder of the atrium producing a sequence of activation of sc-sm-sr-m-pA-a.

The A-h subinterval was prolonged to 80 msec with

marked bradycardia.

Thus, with a change in locus of

the sinus node pacemaker, the activation sequence of the
atrium was correspondingly altered.
The influence of norepinephrine on pacemaker localization is shown in Figure 15.
of activation was sc-m-sm-p-sr-A-a.

The control sequence
The pacemaker was

localized more caudally within the sinus node during
this control period than during left thoracic vagal
stimulation in Figure 14, and the electrode over the
middle internodal pathway at the limbus of the f ossa
ovalis was activated before the other electrode sites
over the sinus node.

The control heart rate prior to

norepinephrine administration was 162/min with an A-h
subinterval of 36 msec.

Injection of 0.5 µgm/kg of nor-

epinephrine initially shifted the pacemaker to the AV
node, probably to its upper region since the atrial
electrodes were activated after the His bundle but before the ventricle.

Interpretation of an AV nodal ori-

gin of the pacemaker is supported by the retrograde
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FIGURE 15
RESPONSE FOLLOWING INJECTION OF NOREPINEPHRINE
Control sequence of activation and the sequence
of beats following norepinephrine 0.5 µgm/kg injection
showing the transition from a pacemaker localized in
the rostral region of the node. The sequence of beats
is consecutive. The individual electrograms are designated as in Figure 12. The time line denotes 50 msec.
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activation of the atrial electrodes
v).

(h-m-p-A-a-sc-sm-sr-

In the second and subsequent beats, dual pacemakers

emerged with the sinus pacemaker responsible for the excitation of the sinus node while the AV nodal pacemaker
activated the remainder of the atrium (second beat).
Norepinephrine increased the rate of firing of the sinus
pacemaker more than the AV nodal with the sinus pacemaker contributing more to the activation of the atrial
mass

(3rd, 4th, and 5th beats).

In the 5th beat the

sinus rate was increased enough to pre-empt the AV node
in activating all of the right atrial tissue, but the
AV nodal pacemaker was still responsible for activation
of the His bundle and ventricles.

In the final beat

shown in the sequence, the sinus pacemaker, localized
midway between the rostral and middle sinus node electrodes, initiated the activation of the whole heart
since its rate was faster than the AV nodal pacemaker.
The A-h interval was shortened to 24 msec with a heart
rate of 246/min.
The data of Table III, expressed as percent,
summarize the effect of individual cardiac nerve stimulation and norepinephrine on the electrode site showing
initial activation.

Initial activation occurring at the

internodal sites (AIN, MIN, and PIN) is grouped under

121
TABLE III
FREQUENCY OF INITIAL ACTIVATION AT ELECTRODE SITES
WITH STIMULATION OF THE THORACIC CARDIAC NERVES

Control
(grouped)
N= 279
SAr
SAr=SAm

16%

R
R
Ant Post
Ans a Ans a
N= 22 N= 22
36
32

R
Stel.
Card.
N= 15

Recurrent
N= 19

33

11

Craniovagal
N= 18
11

Caudovagal
N= 20
15

R
Vagus
N= 39
7

8

23

9

33

5

6

20

10

48

31

45

13

58

44

25

28

5

5

5

0

0

0

5

5

SAc

10

5

5

5

22

10

14

Non-Nodal

13

0

4

14

10

17

25

33

0

0

0

0

11

0

0

3

l

l

SAm
SAm=SAc

HIS

Contra l
(grouped)
N= 279
SAr
SAr=SAm
SAm

16%

Ant Post
Ans a Ans a
N= 20 N= 15
15

20

l

VLCCN
N= 18
0

VMCCN
N= 10
30

Innominate Vagus
N= 6
N= 37
16

4

-- .

NE(0.5y/kg)
N= 18
33
~---------

8

5

27

17

0

16

11

17

48

25

13

21

30

68

20

28

5

0

13

6

10

0

SAc

10

10

0

6

10

0

28

0

Non-Nodal

13

25

20

33

20

0

30

6

0

20

7

17

0

0

0

16

SAm=SAc

HIS

0
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TABLE III
LEGEND
Surrunarizes the frequency expressed as percent of
the total number of observations (N) from 26 animals,
with which initial activation occurred at the electrode
sites. SAr, SAm, SAc are the rostral, middle, and caudal electrodes over the sinus node respectively. Nonnodal designates the combined frequencies of initial
activation at the AIN, MIN, and PIN electrode sites.
HIS = His bundle electrogram.
Initial activation was
designated as HIS when the His component was the initial complex recorded. The nerves are labelled as in
Figure 2. The grouped control values represent the
combined controls from all the nerve stimulations.
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the heading of non-nodal.

Since simultaneous activation

was observed for two electrode sites over the sinus node,
a separate designation is given for these instances (i.e.
SAr-SAm and SAm-SAc).

The left side of the Table lists

the SA nodal electrode sites, the combined AIN, MIN and
PIN sites, and HIS electrode.

The top of the upper and

lower portion lists the nerves stimulated with the
grouped control observations given to the left.

During

the control periods the site of initial activation was
localized within the sinus node 87% of the time.

The

middle portion (SAm) functioned as the site of initial
activation in 48% of the observations.

The rostral por-

tion of the node (SAr) was the next most frequent site
with the remaining 22% divided between the caudal site
(SAc) and those loci producing simultaneous activation
of the SAr and SAm and the SAm and SAc sites.

Initial

activation was also observed at the AIN, MIN, and PIN
electrode sites but the His potential was never observed as the first recorded complex.

Thus, spontan-

eous pacemaker activity appears to be localized more
to the middle portion of the node under.these experimental conditions.
The thoracic cardiac nerves on the right which
regularly induced sympathetic responses, i.e., positive

124
chronotropic and inotropic effects, are the right anterior and posterior ansae and the right stellate cardiac
nerves.

These three nerves shift the pacemaker ros-

trally within the node.

Shifts into the node from non-

nodal sites were not observed with stellate cardiac
nerve stimulation.
The nerves on the right side which elicit parasympathetic responses include the recurrent cardiac,
cranio- and caudovagal nerves, and right thoracic and
cervical vagi.
~ng

However, all these nerves contain vary-

proportions of sympathetic and parasympathetic fi-

bers, with the parasympathetic effects dominating.

Dur-

ing stimulation of the recurrent cardiac nerve, localization of the pacemaker was within the sinus node in 79%
of the experiments, with the major proportion of activation originating at the SAm site (58 of 79%).

The His

potential appeared as the first complex in 11% of the
observations with the remaining activation originating
at non-nodal sites.

Pacemaker activity within the sinus

node was reduced slightly (87% to 83%) during stimulation of the craniovagal nerves.

However, stimulation

shifted pacemaker activity caudally within the node.
The remaining activation originated at non-nodal electrode sites.

Caudovagal nerve stimulation reduced
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pacemaker activity of sinus origin to 75% with most of
this activation occurring at the SAm and SAr sites.

The

remaining activation originated from non-nodal sites.
Both the right cervical and thoracic vagi (R. vagus)
produced similar effects on pacemaker localization within the heart.

Sinus node pacemaker activity was reduced

to 64% with intranodal pacemaker activity shifted caudally.

The right thoracic vagus occasionally enhanced

pacemaker activity in the lower AV node and His bundle
regions.
The bottom half of Table III describes the f requency of initial activation at the electrode sites
during left cardiac nerve stimulation and with norepinephrine injection.

For ease of comparison, the grouped

control percentages are repeated at the left.

Left an-

terior ansa stimulation reduced pacemaker activity originating within the sinus node to 55%.

Within the node,

the proportion of pacemaker activity was increased near
the SAr site

(15 of 55% compared to 16 of 87%), but the

dominant nodal site was still localized in the middle
region (25 of 55%).

The dispersion of pacemaker sites

to non-nodal areas was increased to 25%.

However, the

major shift of initial negativity occurred to the region
of the lower AV node and His bundle (His, 20%).
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Stimulation of the left posterior ansa produced
results similar to those of the anterior ansa, increasing pacemaker activity in the regions of the His bundle
and non-nodal electrode sites.

However, the rostral

shift in pacemaker activity within the sinus node was
more pronounced.

Initial activation occurred at the

SAr site in 20% of the stimulations and both the SAr
and SAm sites were simultaneously activated in 27% of
the observations.

Thus, stimulation of these nerves

shifted pacemaker activity caudally within the atrium
enhancing non-SA nodal sites but also shifting pacemaker activity rostrally within the sinus node.
The reduction in SA nodal pacemaker activity is
greatest with stimulation of the ventrolateral cervical
cardiac nerve (VLCCN}.

Pacemaker activity within the

sinus node was distributed around the middle portion of
the node (SAm) in 21% of the stimulations.

In 17% and

6%, pacemakers produced activation of the SAr-SAm and

SAm-SAc respectively.

Non-nodal activation occurred in

33% of the stimulations with pacemaker activity in the
vicinity of the His bundle occurring in .17%.

Thus,

VLCCN stimulation produced the greatest dispersion of
pacemaker activity.
Stimulation of the ventromedial cervical cardiac
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nerve (VMCCN) reduced pacemaker activity within the sinus node to 80%.

Pacemaker activity was shifted ros-

trally, and non-nodal pacemaker activity was localized
solely in the region of the MIN electrode sutured over
the limbus of the fossa ovalis.
While the innominate nerve produced a response
only six times (i.e., stimulation produced a change in
heart rate, a change in sequence of activation, and/or
a change in the A-h subinterval), its effect on the
locus of pacemaker activity was quite clear.

All pace-

maker activity became localized medially and somewhat
rostrally within the sinus node.
Stimulation of the left thoracic and cervical
vagi (L. vagus) shifted pacemaker localization away
from the sinus node to non-nodal sites.

Enhancement

of non-nodal sites was more marked with stimulation of
the left thoracic vagus.

The lack of initial activa-

tion occurring at the His bundle is expected with the
stimulation parameters used since AV block was produced
with most stimulations.

When the pacemaker remained

within the sinus node, it was shifted to its caudal
area (31% for stimulation of the left thoracic vagus
and 24% with stimulation of the cervical vagus).
Injection of 0.5

~gm/kg

norepinephrine produced
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a rostral shift in pacemaker within the sinus node (SAr,
33%).

Non-nodal activation was limited to 6% with the

remaining 16% occurring in the vicinity of the His bundle.

Norepinephrine, therefore, enhanced pacemaker ac-

tivity in the sinus node and lower AV node and His bundle.

However, within the sinus node pacemaker activity

shifted rostrally to sites nearest the rostral SA nodal
electrode.

Thus, there is a definite hierarchy of pace-

maker capability within the heart.

Using a systemic sym-

pathomimetic agent like norepinephrine, the rostral region of the sinus node becomes the dominant pacemaker
site indicating that its maximal level of pacemaker activity is higher than other areas or that it has a
greater number of adrenergic receptors resulting in a
higher level of automaticity.
The locus of pacemaker activity within the heart
can be shifted by altering the sympathetic and parasympathetic tone to specific regions of the heart through
selective stimulation of autonomic nerves.

Norepineph-

rine enhances pacemaker activity at the rostral region
of the sinus node and in the region of the lower AV
node and His bundle.

Stimulation of sympathetic nerves

on the left side shift pacemaker activity to non-nodal
sites that are in the vicinity of electrodes sutured
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over segments of the anterior, middle, and posterior internodal pathways.

The influence of these nerves on

pacemaker localization within the sinus node itself does
not follow a distinct pattern except that the distribution of pacemaker activity tends to be shifted away from
the middle region of the sinus node.

The major parasym-

pathetic nerves on the left, the thoracic and cervical
vagi, shift the locus of pacemaker activity caudally
within the node or to non-nodal sites.

Stimulation of

the cardiac nerves on the right produce a more definite
pattern in the localization of pacemaker sites.

The sym-

pathetic nerves maintain sinus node dominance of pacemaker activity shifting it rostrally within the node.
The nerves that contain predominantly parasympathetic
fibers shift the pacemaker to non-nodal sites but have
a varied effect on the site of initial activation within
the node.

CHAPTER V
DISCUSSION

The evidence for neurally induced pacemaker shifts
is limited.

Since Lewis' definitive work localizing the

pacemaker within the sinus node, pacemaker activity originating at non-SA nodal sites has been considered abnor~al

(123).

Zahn in 1912 first described what was to be

known as the coronary sinus rhythm (231).

Clinically,

ectopic pacemakers have been localized in the left atrium and in the regions of the coronary sinus, upper AV
node, and lower AV node and bundle of His (28, 116,
140, 142, 216).

Meek and Eyster were able to shift the

pacemaker within the sinus node with vagal stimulation
(135).

Others have noted that vagal stimulation can

shift the pacemaker to the region of the AV node and
coronary sinus and to the left atrium (141, 147).

Re-

cently, Geesbreght and Randall demonstrated that stimulation of the right stellate ganglion in the dog could
shift the pacemaker to the vicinity of electrodes placed
130
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over the internodal pathways of James

(56).

These studies represent the evidence in the literature in which pacemaker shifts to sites outside the
SA node can be induced by stimulation of autonomic
nerves.

The results reported in the present experiments

indicate that pacemaker shifts both within the sinus
node and to sites outside the node can be induced by
stimulation of thoracic and cervical sympathetic and
parasympathetic nerves.

In addition, intra-SA nodal

pacemaker shifts by altering the direction with which
the wavefront of excitation propagates from the node
can determine the pattern of atrial activation.

In

addition, stimulation of these nerves can determine the
conduction time across the AV node through pacemaker
shifts and by their direct drornotropic effects.
A.

Drornotropic Effects of Stellate Stimulation on
the AV Node and Internodal Pathways
The A-H subinterval of the His bundle electrogram

serves as a better index of AV nodal conduction than
does the P-R or P-Q interval of the standard ECG.

The

P-R or P-Q interval includes activation of the total
atrial mass, AV node, His bundle, and the beginning of
septa! and right ventricular activation.

The His bun-

dle electrogram records localized atrial activation of
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the tissue overlying the AV node, the His bundle itself,
and activation of the basal septal region of the right
ventricle (3).

Thus, changes in patterns of atrial ac-

tivation, either due to pacemaker shifts or to possible
intraatrial conduction blockade, are less likely to affect the His bundle electrogram than the ECG.

Also,

alterations in conduction across the AV node, or from
the His bundle to the ventricle, can be separated more
readily using the His bundle electrogram than the standard ECG.

The advantages of the His bundle electrogram

as a measure of AV nodal conduction have been discussed
in detail by Scherlag et al.

(184).

For this series of

experiments the dogs were paced since increase in heart
rate alone can affect conduction time across the AV node
(2).

Also, pacemaker shifts may alter the pattern of

atrial acitvation and thereby influence the pattern of
AV nodal activation and conduction (17, 108).

For these

reasons, the experiments were conducted under paced conditions.
There are few data in the literature on the differential dromotropic influences of right and left stellate ganglion stimulation.

Fogelson, 1929, observed that

stimulation of the right accelerans nerve had minimal effect on the A-V interval, but stimulation of the left
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accelerans nerve shortened this interval by 30-40 msec
(46).

Wallace and Sarnoff in studying the effects of

stimulation of the left stellate ganglion observed that
the A-H subinterval was shortened by 50% (218).

Re-

cently, Irisawa et al., in comparing the relative effects of right and left stellate stimulation on the A-V
interval, concluded that the left stellate ganglion had
a greater positive dromotropic effect that did the right
(97).
ported

Unfortunately, the variability of their data (refro~

four dogs) makes their conclusions tenuous.

The experiments reported here establish the fact that
positive dromotropic effects of left stellate stimulation on AV nodal conduction are greater than those of
the right.
The greater positive dromotropic effect of left
stellate stimulation is interpreted to indicate that
the distribution of sympathetic nerve fibers from the
left stellate ganglion to the AV nodal region is more
extensive than that from the right.

This pattern of

distribution is comparable to that observed for inotropic responses in which the left side.elicits the
greater effect (192).

However, the positive dromo-

tropic actions of the sympathetic components of the
cervical vagosympathetic trunks tend to show the

r
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opposite distribution.

Priola demonstrated in dogs pre-

treated with atropine that positive dromotropic effects
of right vagosympathetic trunk stimulation are greater
than those from the left (156).

While the differences

were not statistically significant, he reported that the
decrease in AV nodal conduction time was observed more
frequently with stimulation of the right cervical vagosympathetic trunk than the left.
The lack of significant change in conduction time
along segments of the middle and posterior internodal
pathways agrees with results reported from atrial muscle by Hoffman (85).

He and others concluded that in

those experiments in which a change in conduction velocity occurred, the effect was secondary to changes in
extracellular potassium (74, 91, 137, 188).

The possi-

bility of changes in atrial conduction velocity reported during sympathetic stimulation were· based on the
shortened duration of the P wave of the ECG (157).

How-

ever, P wave duration is now recognized to be a poor
criterion, since pacemaker shifts, either within the sinus node or to other non-nodal supraventricular sites,
may have an important affect on P wave morphology (56,
215, 216).

Comparison of conduction velocity of specialized
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atrial tissue with non-specialized tissue has shown that
atrial propagation is not uniform.

In the mapping studies

of Spach et al., and Goodman et al., conduction velocities
were higher in regions corresponding to Bachmann's bundle
and the crista terminalis (anterior, middle, and posterior internodal pathways of James) than in surrounding tissue (65, 190, 192).

Holsinger and associates also found

conduction velocity along the middle and posterior internodal pathways to be between 0.8 and 0.9 meters/sec, as
compared to 0.2 to 0.4 meters/sec in atrial muscle (93).
Wagner et al. noted that conduction velocity over Bachmann's bundle was higher (0.9-1.9 meters/sec) than in
adjacent tissue in the left atrium (0.4 to 0.5 meters/
sec)

(214).

Others have implied that sympathetic stim-

ulation has a positive dromotropic effect on ventricular Purkinje fibers producing an increase in ventricular synchrony or decrease in temporal dispersion of
ventricular activation (75, 153, 157, 162).

The present

experiments demonstrate that stellate stimulation has
little or no dromotropic influence on the middle and posterior internodal pathways other than the indirect effect
associated with pacemaker shifts.

I
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B.

Autonomic Influence on SA Nodal and Non-Nodal
Supraventricular Pacemaker Localization
In 1910, Wybauw and Lewis, independently, demon-

strated that the site of initial negativity of the heart
arose within the sinus node (123, 227).

Lewis found

that the pacemaker normally was localized at the junction of the superior vena cava and right atrium over the
broadest portion of the sinus node.

Meek and Eyster ob-

served that vagal stimulation, cooling, and addition of
KCl to the region of .the sinus node could shift the pace~aker

within the node itself (135).

They also found that

the pacemaker normally resides in the more rostral region of the node, but with vagal stimulation the pacemaker was shifted caudally.

Meek and Eyster thus be-

lieved that a hierarchy of automaticity existed within
the sinus node with higher rates achieved from pacemaker
areas in the more rostral region of the node.

The shifts

observed in the experiments reported here support this
interpretation.

When the pacemaker remained localized

within the sinus node following the injection of norepinephrine, pacemaker activity in the more rostral regions of the node was enhanced.

However, with norepin-

ephrine when the pacemaker was not localized within the
node, the initial site of activation was the His bundle
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and Bachmann's bundle near the SA node indicating that
the lower region of the AV node or the His bundle itself
and areas adjacent to the SA node had a higher potential
for pacemaker function than did sites in the vicinity of
the middle and posterior internodal pathways.

Thus,

assuming there is not a significant difference in circulation to different pacemaker regions of the heart and
that the concentration of norepinephrine is maximal for
the dose response curve for automaticity, it can be used
to determine which areas have the highest pacemaker capabilities.

However, while Lu and Brooks observed in a

cat sinoatrial preparation that the control pacemaker
was localized in the rostral region of the sinus node,
with norepinephrine the dominant pacemaker was shifted
caudally.

Also, cells in the lower region of the node

were depressed more by acetylcholine or physostigmine
than were cells in the more rostral region.

They con-

cluded that the lower part of the node is controlled
more efficiently by nerves and neurotransmitters than
the upper region and therefore more sensitive to exogenous neurotransmitters.

ilowever , they. did not do nerve

stimulations, and their responses could be attributed to
unknown diffusion distances between the bathing medium
and tqe positions of pacemaker cells within the rostral
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and caudal regions of the node.

The results of the ex-

periments reported here on the dog indicate that both
the rostral and caudal regions of the node are innervated.

The sympathetic innervation of the rostral por-

tion of the node may be greater since this region has
the greatest automaticity to norepinephrine.
The effects of the thoracic cardiac nerves, including the right and left stellate ganglia and cervical
vagi, on the initial site of activation reflect the distribution of specific nerve fibers to potential pace~aker

areas within the heart.

Nerves such as the right

stellate, right anterior and posterior ansae, and right
stellate cardiac send fibers to the sinus node and enhance sinus node pacemaker dominance.

In twelve ani-

mals, stimulation of the right stellate ganglion consistently resulted in initial activation occurring at
th~

sinus node electrode.

The positive chronotropic re-

sponse observed with stimulation of these nerves is interpreted to indicate nerve fiber distribution to the
more rostral regions of the sinus node where the level
of potential pacemaker activity is the highest.

While

the injection of norepinephrine produced the greatest
increase in heart rate, averaging 40%, stimulation of
the 1 right anterior and posterior ansae and right stellate

r
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cardiac increased heart rate by 27%, 23%, and 25% respectively.

The smaller positive chronotropic responses

observed with stimulation of sympathetic nerves on the
left (left anterior and posterior ansae and the VLCCN)
correspond to the greater frequency of initial activation occurring at non-nodal and His bundle sites.

The

combined initial activation at these two sites increased
three fold over control for stimulation of the left anterior ansa, doubled for the left posterior ansa, and
increased almost four times for VLCCN stimulation.

Heart

r.ate was increased by 15%, 17%, and 20% respectively.
Intra-SA nodal pacemaker distribution for these
nerves was varied.

Left anterior ansa stimulation did

not change the proportion of total sinus node pacemaker
activity occurring at the rostral regions of the node
(combined SAr and SAr-SAm sites) but doubled that occurring caudally (SAc and SAm-SAc sites).

Left posterior

ansa stimulation increased the proportion of sinus node
activity occurring rostrally and caudally at the expense
of the middle region of the node, while VLCCN stimulation increased the proportion of intranodal pacemaker
act~vity

occurring caudally.

Generally, stimulation of

the small sympathetic nerves on the left, which have a
lesser positive chronotropic effect than those on the
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right, shifted the pacemaker activity to more caudal regions of the sinus node and to non-SA nodal sites.
Non-SA nodal pacemaker sites have a smaller positive chronotropic capability than those localized within (or closely adjacent to) the node.

In the experiments

of Goldberg et al. in which the right and left stellate
ganglia were stimulated before and after surgical excision of the sinus node, maximal heart rates achieved
prior to sinus node excision with right stellate stimulation were significantly higher than those of the left
(64).

However, after extirpation of the sinus node,

heart rates produced during stimulation of the right and
left stellate ganglia did not differ significantly.
Furthermore, removal of the sinus node did not affect
the positive chronotropic response to left stellate ganglion stimulation.

Shindler et al. have noted that the

catecholamine content of the SA node was higher than
that in other atrial sites

(187).

The density of inner-

vation of the sinus node has already been discussed in
the literature review.
Nerve riber distribution is important in determining both the pacemaker site and heart rate response
for the sinus node.
\

For non-SA nodal sites neural ele-

ments have a more dominant influence on pacemaker
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localization than on heart rate response since non-SA
nodal sites have the same heart rate potential.

The

role of innervation in determining the sinus nodal pacemaker site has been noted by Toda and Shimamoto in the
isolated, innervated rabbit atria preparation (200).
They observed a greater frequency of pacemaker shift
within the sinus node with the addition of norepinephrine than with sympathetic nerve stimulation.

They in-

terpreted these results to indicate that sympathetic
fibers innervate true pacemaker cells more frequently
and therefore fewer shifts occurred.

However, actual

morphologic demonstration of pacemaker innervation is
not yet available.

These intranodal pacemaker sites

are not those with maximal pacemaker capability since
norepinephrine tended to shift the pacemaker site.
Therefore, another explanation is that spontaneous activity in the isolated rabbit heart occurs from sites
that are innervated by the sympathetic nerves.

The con-

cept of true and latent pacemaker cells as defined by
Hoffman must be viewed relative to the state of the
animal since the site that functions as the true pacemaker will depend upon the interaction of sympathetic
and parasympathetic nerve elements and circulating catecholamines on automaticity (87).

West et al. observed
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similar shifts of intra-SA nodal pacemaker sites with
topically applied epinephrine (222).
The nerves producing bradycardia include the cervical and thoracic vagi on both sides, the recurrent cardiac, carnio- and caudovagal nerves on the right, and
the VMCCN on the left.

The VMCCN, however, produced only

a 3% decrease in heart rate.

Mizeres, in his studies on

the autonomic nerves of the dog in which the cervical and
thoracic vagosympathetic trunks were transected, coneluded that the cardioinhibitory fibers on the right pass
through the same nerves that produced bradycardia in the
present experiment (143).

Since both right and left cer-

vical and thoracic vagi tended to produce arrest or second degree heart block, the relationship of site of ini/

tial activation and heart rate will mainly deal with the
right recurrent cardiac, cranio- and caudovagal nerves,
and the VMCCN.

Of the three nerves on the right, the

caudovagal decreased heart rate by an average of 16% with
the recurrent cardiac and craniovagal nerves slowing the
heart rate by 8% and 5% respectively.
hibitory nerves on the right and left

All the cardioinr~duced

sinus node

pacemaker activity with the right cervical and thoracic
vagi having the greatest effect.

However, there was not

a distinct pattern to pacemaker distribution.
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While the relative bradycardia produced by stimulation of these cardioinhibitory nerves was inversely
related to sinus node dominance, the differences were
not large.

Intranodal pacemaker distribution does not

correlate well with heart rate response.

For example,

stimulation of the caudovagal nerve enhances the proportion of SA nodal pacemaker activity occurring rostrally and caudally (combined SAr and SAr-SAm, and SAc
and SAm-SAc frequencies respectively), while activation
of

~he

recurrent cardiac nerve increased the number of

Lntranodal pacemakers in the middle region of the node.
The VMCCN increased the proportion of intranodal ac-

e

tivity originating caudally._
The lack of more defined relationship between
heart rate response and initial site of activation may
be related to the presence of both sympathetic and
parasympathetic fibers within these cardioinhibitory
nerves.

In seven experiments atropine sulfate (0.5

mg/kg) was administered after the initial stimulations,
and the stimulation of the nerves that produced bradycardia was repeated.

Unmasking of sympathetic fibers

in the recurrent cardiac, cranio- and caudovagal nerves,
and thoracic and cervical vagi was confirmed (160, 161,
163).

In these experiments, variations in heart rate,
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A-H subintervals, and sequence of activation were occasionally observed during stimulation of the cranio- and
c~udovagal

nerves but more frequently with stimulation

of the thoracic and cervical vagi.

These variations

were not observed when the nerves were restimulated following atropine.

Geis et al., in studying the pathways

\

of autonomic innervation of the canine heart noted that
\

sympathetic and parasympathetic nerves from the same
side enter the heart from different regions (58).

There-

fore, the distribution of the sympathetic and parasympathetic components differs somewhat.
observed that

th~

Wallace and Daggett

infusion of isoproterenol enhanced va-

gal escape and tended to shift the pacemaker of the escape beats higher in the conduction system (217).

Cho-

linergic-adrenergic interactions may take the form of
accentuated antagonism in which the effects of ACh are
potentiated by norepinephrine and vice versa, or as reciprocal excitation in which ACh released from activation of parasympathetic nerve fibers may release norepinephrine (122).

Therefore, competing sympathetic and

parasympathetic effects on pacemaker function at different nodal and non-nodal sites may prevent the emergence of a clear-cut pattern of pacemaker dominance.
In the sinus node excision experiments control
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pacemaker activity prior to excision was localized within the sinus node in 68% of the observations (64).

In

the remaining 32% the pacemaker resided nearer to the
AIN, PIN, or His sites.

In the present series, the si-

nus1 node functioned as pacemaker in 87% of the observation~~

Non-SA nodal pacemakers originated from the AIN,

MIN, and PIN sites but not from the His.

Stimulation

of the right stellate ganglion prior to the excision of
the SA node produced complete sinus node dominance of
pacemaker activity.

Stimulation of the right anterior

and posterior ansae produced similar results.

However,

stimulation of the left anterior and posterior ansae
demonstrated that the distribution of these nerve fibers
are different, producing a varied pattern of pacemaker
distribution than did the left stellate ganglion.

Left

anterior ansa stimulation had a dominant affect on nonSA nodal pacemaker sites, while the left posterior ansa
enhanced pacemaker activity at the more rostral regions
of the sinus node.

Stimulation of the left stellate gan-

glion yielded a sinus node pacemaker in 56% of the observations with the remaining activation originating at
the AIN, PIN, and His sites.

Wechsler et al. have dem-

onstrated that the majority of the cardiac preganglionic
sympathetic nerve fibers originating from the upper

'
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thoracic sympathetic chain synapse with postganglionic
nerve fibers within the caudal cervical ganglia (219).
Stimulation of the ansae in effect represents stimulation of mostly preganglionic sympathetic nerve fibers.
Therefore, the differences in pacemaker localization
observed with stimulation of the left anterior and posterior ansae indicate that the postganglionic sympathetic fibers

ar~

distributed to different sites.

Shifts in initial site of activation observed
with stimulation of the VLCCN were the least consistent of any of the nerves stimulated.

While there was

a shift away from the more rostral region of the sinus
node to other nodal and non-nodal sites, no specific
region showed dominance.

The frequency of initial ac-

tivation at non-SA nodal electrode sites was AIN, 10%,
MIN, 17%, PIN, 6%, and His bundle, 17% of the time.
Thus, the distribution of its nerve fibers to pacemaker
tissue is quite widespread, since 50% of the sites
showing initial activation were outside the sinus node.
The frequency of pacemaker distribution is similar to
that observed with stimulation of the whole left stellate ganglion (SA

=

56%; AIN, MIN, PIN, and IIis 18%,

0%, 18%, 8% respectively).

Armour et al. and Hageman

et al. demonstrated the initiation of complex cardiac
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dysrhythmias with stimulation of the VLCCN at the level
of the pericardium (7, 67).

These dysrhythmias repre-

sented foci excited in the regions around the coronary
sinus, AV node, and His bundle.

The occurrence of ini-

tial activation in the region of the coronary sinus (PIN
electrode), at the limbus of the fossa ovalise (MIN electrode site) , and His bundle (His electrode) could establish closely associated competing pacemaker sites interacting to produce the dysrhythmias.

It is signifi-

cant to note that the dysrhythmias reported by Armour
e.t al. and Hageman et al. were only noted with stimulation of the VLCCN at the level of the pericardium.
I

Stimulation at higher levels, i.e. nearer the caudal
cervical ganglion, did not induce the dysrhythmias.
If nerve fibers going to the SA node leave the VLCCN
at levels above the pericardium, the hypothesis of competing pacemakers localized near the AV node whose rates
of discharge are similar is supported by the similar
maximal heart rates achieved by non-SA nodal sites.

The

average heart rate achieved with stimulation of the VLCCN
from activation of sinus node origin was 187 + 8 beats/
min, while activation originating from non-SA nodal sites
was associated with an average rate of 154 + 12 beats/
min.
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The greater positive dromotropic effect on AV nodal conduction of left stellate stimulation compared to
the right has already been discussed (see Section A of
Discussion).

While this same relationship was observed

for stimulation of the small nerves, the dromotropic effects of these nerves reflected the relative distributions of their nerve fibers to the AV nodal region.
Table IV summarizes the mean changes in A-H subintervals observed with stimulation of these nerves.

The

VLCCN facilitated AV noc1al conduction to the same degree
as exogenous norepinephrine, shortening the A-H subin6 msec compared to 35 + 4 msec for nore-

terval to 34

~

pinephrine.

Thus, the contribution of nerve fibers from

the VLCCN to the AV node is very extensive.
While the right stellate cardiac nerve produced
a strong positive chronotropic response, increasing
heart rate by 25%, it only reduced the A-H subinterval
by

8~.

The VMCCN, however, increased AV nodal conduc-

tion time by 13 msec (23%) while having a minimal effect
on heart rate (3% decrease).

Thus, the vagal affect on

AV nodal conduction (i.e., lengthening AV nodal conduction time) was the dominant effect.

The localized dis-

tribution of the small thoracic cardiac nerves is especially apparent from stimulation of the innominate

'
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TABLE IV
CHANGES IN A-H SUBINTERVAL OBSERVED WITH STIMULATION
OF THORACIC CARDIAC NERVES AND NOREPINEPHRINE
Mean changes + SE in A-H subintervals with stimulation of the thorac1c cardiac nerves and norepinephrine.
N = number of stimulations.

Post
Ans a
N= 19
55+3

R
Stel.
Card.
N= 13
59+3

Stimulation 44+2

46+3

54+3

64+7

69+5

69+3

% change

-23%

-16%

-8%

+12%

+19%

+30%

P value

<.005

<.005 <.10

> .10

<. 05

<.005

Control

L
Ant
Ans a
N= 17
54+2

L
Post
Ans a
N= 7
55+4

VLCCN
N= 14
56+3

VMCCN
N= 8
57+3

Innomin.
N= 5
57+5

Stimulation 36+5

43+3

34+6

70+10

47+4

35+4

% change

-33%

-22%

-39%

+23%

-18%

-30%

P value

<.005

<.005 <.005

> .10

<,025

<.005

Control

R
Ant
Ansa
N= 18
57+4

R

Recurrent Craniovagal
N= 14
N= 15
58+3
57+3

Caudovagal
N= 14
53+4

NE
N= 14
50+2

'
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nerve.

While there was little change in heart rate (170 +

20 to 171

~

20 beats/min), stimulation of the innominate

shortened AV nodal conduction time by 10 msec.

Thus, the

innominate has a major affect on the AV node while maintaining sinus node dominance of the pacemaker (see Table
III) with little change in heart rate.

Using threshold

intracardiac nerve stimulation, Lazzara et al. demonstrated sites which independently affected AV nodal p ace1

maker sites and heart rate without changing AV nodal
conduction (117).
Even though atropine was administered in only a
limited number of experiments in which only a few nerves
were stimulated, the relative sympathetic and parasympathetic components of some of the nerves can still be inferred from changes in heart rate and A-H subinterval
with individual nerve stimulations.

The recurrent car-

diac nerve produced bradycardia in 10 of 15 observations,
tachycardia in 4, and no change in rate with one stimulation, while it increased the A-H subinterval in eleven
stimulations and decreased it in the remaining four.

In

all cases where there was evidence of parasympathetic
or sympathetic influence on rate, there was a corresponding affect on AV nodal conduction.

Stimulation of

the craniovagal decreased heart rate in 14 stimulations
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and increased it in two.

While the increase in rate and

increase in AV nodal conduction time could be attributed
to a rate affect, in one experiment the heart rate decreased from 207 to 150 beats/min while the A-H subinterval was shortened from 86 to 55 msec.
a parasympathetic effect on rate but a
sponse on the AV node.

This indicates
(

sympathetic~re-

The caudovagal nerve produced

bradycardia with all stimulations and slowed AV nodal
conduction in all but six observations.

Of these six,

three stimulations had no affect on the A-H subinterval
while a positive dromotropic affect was observed for the
rest.

While the dominant effect of the/VMCCN on rate

was parasympathetic, heart rate was increased with one
stimulation and the A-H subinterval was decreased in
three.

Thus, the cardiac, cranio- and caudovagal nerves,

and VMCCN nerve contain both sympathetic and parasympathetic fibers at the levels stimulated with individual
stimulations eliciting a parasympathetic effect on rate
and a sympathetic effect on AV nodal conduction.
Shifts in pacemaker within the sinus node have
significant influence on the spread of activation through
the right atrium.

Since conduction within the sinus node

is quite slow, slight shifts within the node produced
changes in the region of exit (86).

Thus, with right
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stellate cardiac stimulation the slight rostral shift in
the sinus node pacemaker produced a more rostral spread
of atrial excitation activating the electrode over
Bachmann's bundle before that of the middle internodal
pathway over the fossa ovalis.

The recent mapping studies

of Spach et al., and Goodman et al., used pacing preparations for recording the spread of excitation through the
atria (65, 191).

However, pacing initiates atrial acti-

vation from a larger mass of tissue producing a broad
wavefront which obscures the effect of slight shifts in
~A

nodal pacemakers.

Therefore, while the general pat-

tern of atrial activation can be determined from pacing
experiments, physiologically, the activation sequence of
atrial sites can be varied through localized pacemaker
shifts particularly within the sinus node where conduction is slow.
Since the fidelity of the tape system is poor at
low frequencies, an ECG was not recorded during the present experiments.

Clinical and experimental interpreta-

tions of changing pacemaker localization have been made
using ECG's.

However, only shifts in pacemaker to non-

SA nodal sites can readily be detected from the standard
limb lead recording system.

The sensitivity is too low

to record changes in SA nodal and atrial activation
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sequences associated with SA nodal pacemaker shifts.

In

experiments in which an SA nodal electrogram and ECG
were recorded simultaneously, SA nodal activation preceeded the initial inscription of the P wave by approx-·
imately 45 msec (141).

A major portion of atrial acti-

vation has already occurred during this time and therefore, shifts in the sequence of the cranial regions of
the atria may not be recognized.
According to Scherf and Cohn, the term shifting
pacemaker should be limited to changes in pacemaker
site from the sinus to the AV node producing an AV nodal rhythm in which there may be a normal P wave configuration with a shortened P-R interval; simultaneous
activation of atria and ventricles with the P wave
buried within the QRS complex; or an inverted P wave in
lead II associated with abnormal interatrial conduction
(181).

However, these shifts are characterized by lit-

tle change in configuration and timing from beat to beat.
The conqept of wandering pacemakers refers to disturbances in which timing, configuration, and heart rate slow
fluctuations from beat to beat (181).
Shifts and wandering the pacemaker have been observed in healthy adults, the elderly and infants, and
in pathological states as well as in experimental animals

r
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(181).

Left atrial rhythms have been reported to de-

velop spontaneously in dogs, during vagal stimulation,
following destruction of the sinus node, and during ventricular pacing (141).

Woolsey et al. recorded electro-

cardiogram from individuals over a period of many hours
and noted spontaneous pacemaker shifts

(226).

Thus,

changes in sympathetic and parasympathetic activity induced by a wide variety of methods will produce pacemaker shifts.

However, to my knowledge this confirms

and extends the only report (Geesbreght) of direct
attempts to shift the pacemaker by means of nerve stimulation (56) •
Clinical and experimental studies have documented
and classified four main groups of rhythms.

These in-

clude sinus rhythm, AV nodal rhythm, coronary sinus
rhythm, and rhythms which originate at other atrial
sites.

AV nodal rhythms have been subdivided into a

number of groups since pacemaker activity originating
at different regions in the AV node will produce different patterns of activation.

According to the classifi-

cation of Waldo et al., pacemaker activity from the AV
node can be subdivided into coronary nodal rhythm, coronary sinus rhythm, and AV junctional rhythms (216).
Coronary nodal rhythm is defined by an upright P wave
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in lead II and biphasic in lead I with a P-R interval
between 20-100 msec.

This rhythm was produced when pa-

tients were paced from the region between the coronary
sinus and AV node.

According to this definition, pace-

maker activity originating at the PIN electrode site in
the present experiments would be classified as coronarynodal.

Coronary sinus rhythm was defined by a P-R in-

terval of 120 msec or more and negative P waves in leads
II, III, and aVf.

These characteristics were produced

from pacing not only at the coronary sinus but also the
qaudal right atrium and posterior left atrium.

These

later two areas are in close proximity to the coronary
sinus.

Their third subdivision of AV nodal rhythms was

designated Av junctional which originated from the NH
region of the AV node.

With this rhythm the morphology

of the P wave was generally biphasic with an initial
negative deflection in leads II, III, and aVf.

This

negative deflection may represent the retrograde activation- of the interatrial septum.

However, there is

controversy over relating the morphology of the P wave
and the pattern of atrial activation.

This problem is

exemplified in the effect of a coronary sinus pacemaker
and the morphology of the P wave.
Coronary sinus rhythm was originally defined by

r
1
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Zahn in 1912 (231).

Zahn, using localized heating of

the coronary sinus, was able to produce tachycardia.
While the heating technique is subject to criticism
because of thermal spread, the origin of pacemaker activity at the coronary sinus was verified with recording electrocardiograms and the initial site of negativity by Scherf and Cohn and Meek and Eyster (135, 182).
Meek and Eyster were also able to produce coronary sinus rhythm with vagal stimulation.

In these experiments

they observed an inverted P wave with a normal P-R interval and QRS complex with this rhythm.

In subsequent

experiments, however, Eyster and Meek and Borman and
Meek did not observe a negative P wave with coronary
sinus rhythm (11, 43).

Thus, the problem arose of re-

lating the pacemaker site with the morphology of the P
wave.

If the pacemaker was in the coronary sinus and

the spread of activation was radial then the P wave
should be negative in leads II, III, and aVf.

The lack

of an inverted P wave with coronary sinus rhythm has
been explained by the experiments of Moore et al. and
Waldo et al. in which they concluded that the morphology of the P wave with coronary sinus rhythm was dependent upon the functional state of intraatrial conduction (147, 216).

When intraatrial conduction was not
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impaired, the wavefront would initially spread up the intraatrial septum and then activate the major mass of atrial tissue in a cranial to caudal direction producing
an upright P wave.

However, impairment of intraatrial

conduction produced an inverted P wave since the atria
were then activated from the coronary sinus in a caudal
to cranial direction.

The spread of activation up the

interatrial septum has also been demonstrated for the
rabbit with stimulation within the AV node (17).

The

anterior internodal pathway, which in part courses
I

through the interatrial septum, may function as a preferential route for the rapid spread of retrograde activation to the cranial portion of the atria producing
an antegrade excitation of most of the atria.

Thus,

while pacemaker shifts from the cranial to caudal portion of the right

~trium

•

may be detected by the ECG,

definitive localization of pacemakers cannot be easily
determined.

CHAPTER VI
SUMMARY AND CONCLUSIONS

The effect of stimulation of the thoracic cardiac autonomic nerves on supraventricular pacemaker
localization and on atrial and AV nodal activation was
(

investigated in the anesthetized dog maintained on total cardiopulmonary bypass.

Bipolar plaque electrodes

were sutured over the anterior internodal pathway at
Bachmann's bundle, over the middle internodal pathway
at the limbus of the fossa ovalis, and over the posterior internodal pathway between the coronary sinus
and AV ring.

Additional plaque electrodes were sutured

over the sinus node and His bundle.

Intra-SA nodal

pacemaker shifts were inferred from changes in the sequence of activation of three bipolar electrodes oriented along the longitudinal axis of the sinus node.
The A-H subinterval of the IIis bundle electrogram
served as an index of AV nodal conduction.

158

r
159

A.

Pacemaker Localization
Under the conditions of these experiments the

pacemaker was localized in the sinus node during the
control periods in 78% of the observation with the middle region of the sinus node the most frequent intra-SA
nodal site showing initial excitation.

Stimulation of

the nerves on the right which elicit sympathetic responses (i.e. an increase in heart rate and/or shortening of the A-H subinterval) include the right stellate ganglion, the ansae, and the right stellate cardiac nerve.

These nerves enhanced SA nodal dominance

of the pacemaker with localization in the more rostral
region of the node.

Stimulation of the sympathetic

nerves on the left (left stellate ganglion, ansae,
ventrolateral cervical cardiac nerve, and the innominate nerve) tended to shift the pacemaker to non-SA
nodal supraventricular sites in the vicinity of the
electrodes sutured over the internodal pathways.

This

was particularly apparent during stimulation of the
left stellate ganglion which shifted the site of initial activation to the vicinity of the anterior and
posterior internodal pathway electrodes and to the region of the AV node producing initial excitation of
the His bundle (H wave of the His bundle electrogram).
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The distribution of intra-SA nodal pacemakers was variable with stimulation of the left sympathetic nerves.
Both the left posterior ansa and innominate shifted intra-SA nodal pacemaker localization rostrally.

The

intra-SA nodal pacemaker activity induced by stimulation of the ventrolateral cervical cardiac nerve and
the left anterior ansa varied.

This variation in in-

tra-SA nodal pacemaker distribution induced by stimulation of the sympathetic nerves on the left possibly
reflects the sparsity of their nerve fiber distribution
to the sinus node.

Thus, the pacemaker capability of

specific areas within the sinus node is not sufficiently
enhanced to produce consistent dominance.
The injection of a high concentration of norepinephrine, will augment pacemaker activity at the region of highest automaticity.

Norepinephrine (0.5

µgm/kg) enhanced sinus node pacemaker dominance with
the most rostral region of the node becoming the most
frequent site of initial activation.
Vagal stimulation (right and left thoracic and
cervical vagi, cranio- and caudovagal nerves, the recurrent cardiac nerve, and the ventromedial cervical
cardiac nerve on the left) also produced variable pacemaker distribution.

There was a general tendency to
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shift the pacemaker to non-SA nodal supraventricular
sites.

However, a difference in the pattern of pace-

maker localization between stimulation of the vagal
nerves on right and left was not observed.
B.

Pacemaker Localization.and Atrial Activation
Shifts in pacemaker both within the sinus node

and to non-nodal supraventricular sites alter the pattern of atrial activation.

The SA node can no longer

.be considered as a single pacemaker locus from which
atrial activation originates.

While an electrocardio-

gram was not recorded in these experiments, the sequence of atrial activation as recorded by electrodes
sutured over the internodal pathways changed with
slight shifts in SA nodal pacemaker localization.
Pacemakers localized within the rostral region of the
sinus node initiated a wavefront of excitation which
spread initially along Bachmann's bundle and the anterior internodal pathway before activating the limbus
of the fossa ovalis or the region adjacent to the coronary sinus.

Initial activation of the middle region

of the sinus node produced an activation sequence in
which the electrode over Bachmann's bundle and the limbus of the fossa ovalis were activated almost simultaneously.

A caudally localized pacemaker activated
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the crista terminalis with the wavefront initially
spreading along the middle and posterior internodal
pathways.

These changes in the pattern of atrial ac-

tivation and the activation surrounding the AV node
may influence AV nodal conduction independent of direct
nervous influence.
C.

AV Nodal Conduction
Stimulation of the thoracic cardiac nerves has

a direct affect on AV nodal conduction.

With pacing to

control heart rate and pacemaker localization, stimulation of the left stellate ganglion had a significantly
greater positive dromotropic effect on AV nodal conduction (i.e. shortening of the A-H subinterval) than did
the right stellate ganglion.

The smaller thoracic car-

diac nerves such as the cranio- and caudovagal on the
right and the ventromedial cardiac nerve on the left
may produce a negative chronotropic response but a
positive dromotropic effect on the AV node.

Since these

nerves contain both sympathetic and parasympathetic nerve
fibers, these opposing responses possibly reflect the
different distribution of the sympathetic and parasympathetic nerve fibers within the atria.

In these instances

the-parasympathetic nerve fibers innervate pacemaker
areas whereas the sympathetic fibers innervate the AV
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node enhancing AV nodal conduction.
The localized distribution of the thoracic cardiac nerves is exemplified by the response observed to
stimulation of the ventrolateral cervical cardiac nerve
whose facilitation of AV nodal conduction is comparable
to the shortening of the A-H subinterval observed with
the injection of norepinephrine.
The relationship between pacemaker localization
and AV nodal conduction cannot be defined from the experiments reported here since the nerves stimulated
bave fibers which distribute to both pacemaker areas
and the AV node.

However, no significant differences

were observed with pacing epicardially from the region
of the sinus node or right atrial appendage in the exper~ments

in which the effects of left and right stel-

late ganglia stimulation on AV nodal conduction were
compared.

Nevertheless, evidence in the literature

(see Discussion section) indicates that AV nodal conduction may be influenced by the direction of atrial
activation.
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